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FOREWORD 

This report presents the results of a Study of Technology Requirements for Structures 

of Aerospace Vehicles 
Space Administration under Contract NAS2-5857, monitored by M r  Kenji Nishioka 

and M r .  Harry Hornby of the Advanced Concepts and Missions Division of the Office of 

Advanced Research and Technology. 

This study was performed for the National Aeronautics and 

we wish to acknowledge the many organizations and individuals who providedus with data 

pertinent to this study. A list of these organizations and individuals is included at  the 

end of Volume 3. 
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SUMMARY 

This report describes the activities of a three phase study of the economics of aero- 

space structural manufacturing. The study is devoted primarily to the examination of 

the technology areas  pertinent to conventional (aluminum) aerospace manufacturing. 

Two representative structures are used in a systems analysis of the impact of tech- 
nology and program factors on manufacturing. The initial manufacturing lines a re  

defined using today's state-of-the-art procedures and costs. Facilities, tooling, pre- 

manufacturing operations s materials, manufacturing and quality control labor are indi- 

cated. Improvements in overall operations and manufacturing technology are  intro- 

duced to define improved and advanced manufacturing lines 

A computer model was developed for accumulating and manipulating manufacturing 
data and costs and is described in detail. This program, together with those factors 

and technologies identified with improved manufacturing processes, has  been used to 

assess the impact on cost and worth. 

The five major areas of investigation and primary sources of data in these areas are  

summarized in Table 1. Information related to the manufacturing technologies has 

been derived primarily from Government and industry sources typified by Saturn/ 

Apollo structural manufacturing experience. 

Results for representative structures indicate that the recurring part of the manufac- 
turing processes cost is not the major portion of the total manufacturing cost. In gen- 

eral it has been shown that for the manufacture of a propellant tank the facilities, tool- 
ing and other nonrecurring costs represent from one-half to three-fourths of the total 

manufacturing cost 

further attention in future studies for significant cost saving potential. 

This result, therefore, isolates an area which should receive 

NO single factor has  a more significant impact on cost than the quantity of like elements 

produced. For example, with a production capability of 20 elements per year, the 

manufacturing cost of each element when producing 100 is less than 7 percent of the 

cost of producing one element. This result reflects the effect of spreading the non- 

recurring costs over a larger base. 
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SECTION 1 

INTRODUCTION 

1.1 BACKGROUND 

Previous studies have shown that significant reductions in structural weight can be 

achieved with the use of advanced materials in future large launch vehicles. General 

Electric Company, under contract, NAS2-3S11(7', has shown that structural weight 

reductions of 60 to 70 percent can be realized in large launch vehicles with the sub- 
stitution of materials such as beryllium or  boron/epoxy honeycomb for the conven- 

tional aluminum integrally stiffened skin construction. This weight reduction is sig- 
nificant in improving launch vehicle performance. Technological areas, proven to 
be of interest in the above study for future large launch vehicles, were evaluated para- 

metrically by the General Electric Company, under contract NAS2-5047, for technical 
( 1) feasibility and economic characteristics . 

This study is essentially a continuation of the above studies and is a broad investiga- 

tion of the manufacturing technology of aluminum aerospace structural systems to 

identify the significant manufacturing factors influencing overall structural system 

manufacturing cost. Results from the study are necessary to provide a manufacturing 

system cost baseline and cost analysis tools and techniques along with the identifica- 

tion of potential areas for cost reduction. This baseline will serve as the foundation 

upon which to develop cost indices and reductions for future aerospace programs utiliz- 

ing advanced materials and related manufacturing technologies. 

Other studies presently in progress and/or completed for the NASA Office of Advanced 

Research and Technology complement this study. Boeing Aircraft performed a de- 

tailed cost study of large launch vehicles which provides a range of payload capability 

under contract NAS2-5056, "Cost Studies of Multipurpose Large Launch Vehicles. f t  

McDonnell-Douglas Aircraft Corporation developed a cost model and performed cost 

studies of spacecraft under contract NAS2-5022, "Study of Optimized Cost/Perfor- 

mance Design Methodology for Orbital Transportation Systems t f  North American- 

Rockwell has studied the costs of a spectrum of launch vehicles from performance 

and cost viewpoints under contract NAS7-368, Ynfluence of Structure and Material 

Research on Advanced Launch Systems' Weight, Performance and Cost. t r  
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The successful achievement of larger launch vehicles such as Saturn IB, Saturn V, 
has not brought the expected reduction in costs of launch vehicles. In- 

stead, these multi-billion dollar launch vehicle developments have produced launch 

vehicles of unprecedented success and reliability. The importance of achieving safe 
and successful flights has dominated the development cycle; launch vehicle costs re- 
main at the $500 per pound to $1000 per pound level. 

To achieve desired costs for vehicles, all systems of the launch vehicles should be 

designed on an optimized cost/performance basis. This study explored structural 
manufacturing since it represents a large portion of the launch vehicle costs and a 

wealth of background data could be assembled for evaluation. 

Unlike other studies, this study's objective is to take a broader look at manufacturing 

costs-particularly from the context of a total program environment. Other earlier 
studies (e. g. , References 9, 10) have covered particular constructions and the costs 
for various methods of fabrication. This study seeks to develop the comparative man- 

ufacturing costs of representative structures within the total framework of a typical 
space program. Where possible, impact of program-wide factors, such as safety, 

reliability, configuration control, program phasing, tolerance control, quality control, 

etc . , have been considered. The enormity of this undertaking is evident from the size 
of such programs-as in the case of Apollo which cost billions of dollars and employed 

hundreds of thousands of workers. To achieve this goal, representative structures 
have been identified and their manufacturing lines described by using a computer model 

which makes it possible to consider the impact of advancements in technology and 

changing program factors. In this manner, the study team has been able to discern 

where potential future cost reductions may be available from a total program viewpoint 

The performance of this study has been assisted by numerous individuals from several 

departments within the General Electric Company e 

principal contributors to this study: 
The following individuals were 

N. E .  Munch 

R. B. Bradshaw 

Dr .  E .  Mangrum 

E .  W. Pittner 

General Electric Apollo Systems 

General Electric Apollo Systems 

General Electric Apollo Systems 

General Electric Re-Entry Systems 

In addition, D r .  J.  J. Burns of the University of Florida served as a consultant. 

1-2 



SECTION 2 

STUDY APPROACH 

2 . 1  INTRODUCTION 

This study was divided into three phases spanning a nine-month period plus an addi- 

tional three months for report preparation. 

A s  illustrated in Figure 2-1, Phase I, was performed during a two-month period and 
consisted of three major elements: (1) acquisition of manufacturing data, (2) manu- 

facturing technology status review, and (3) investigation of the interrelation of manu- 

facturing parameters and system factors, such as program management, engineering, 

and design. In addition, supporting studies were performed in the areas of the specific 

disciplines related to manufacturing procedures, techniques, cost, and fabrication 

line modeling. 

Phase I1 of this study was performed in four months and has included the detailed in- 

vestigation of representative manufacturing baselines for two aerospace structures ~ 

After selection of two representative structures, manufacturing analyses were made 

to document the details of the tooling, facilities, and manufacturing for two produc- 

tion rates.  
tailed study of the impact of changing technologies and factors on these manufacturing 

lines. Changes in manufacturing line configuration, tooling, facilities, and processes 

were observed a s  the technologies, designs, and factors were varied, Descriptions 

of the lines obtained for each of the major steps of this evaluation are included in this 

report. Results of the economic analyses of the impact of these factors and technolo- 

gies are  given in later sections of this report. 

Impact of manufacturing technologies were investigated through a de- 

A computerized mathematical model was developed to aid in this study and is in itself 

one of the significant products of this investigation. This model is programmed to de- 

scribe the details of the basic manufacturing lines, as well as those lines which include 

potential recognized improvements Program factors and constraints influencing 

manufacturing have been included to allow rapid calculation of the impact of these 
factors on manufacturing cost during Phase I1 of this study. While developed for spe- 

cific representative structures I this type of computer program should have application 
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in the future for analysis of impact of program factors and constraints on any manu- 

facturing line Descriptions of this program are included in Section 4 and Appendix A. 

Phase 111 activities spanned a three-month period. During this period, the manufac- 

turing lines and technology, defined in Phase 11, were evaluated for cost and worth. 

Promising areas for future study were identified. Figure 2-1 depicts those work ele- 

ments considered to accomplish this objective during Phase 111. After establishing 

criteria for rating technology differences, a cost analysis was performed for all manu- 

facturing lines, both manufacturing rates, and both structural elements. An interac- 
tion analysis was performed to determine the sensitivity of these costs to other system 

factors. The remainder of Phase 111 entailed the relative evaluation of these analyses 
and a final selection of technology areas worthy of future study. 

The computer program developed and tested in Phase I1 was exercised, utilizing inputs 

representing variations in both manufacturing and other system factors e For each 

distinct set of input data which defines the structure to be manufactured and the con- 

straints under which this process is to be completed, cost calculations were performed 

at the ffelementvv level for all feasible identified manufacturing alternatives. The de- 
termination of the cost distribution including both recurring and nonrecurring cost 

associated with each of the three manufacturing lines for elements 1 and 2 was com- 

pleted. The costs include all costs normally incurred during manufacturing and are  

in sufficient detail to permit meaningful cost comparisons between lines 1, 2 and 3. 

Table 2-1 summarizes the approach and activities for the total study. 

2.2 SCOPE 

2.2.1 STRUCTURAL ELEMENTS SELECTED FOR DETAILED STUDY 

At  the conclusionof Phase I, the two separate structural elements shown in Figures 2-2 
and 2-3, were selectedfor detail study in Phases 11 and III. These structuralelements were 

selected because current manufacturing technologies and related cost could be estab- 

lished for the predetermined production rates of 2 and 20 per year for total programs 

up to five years in length. 

The first structural element selected, Figure 2-2, was the Support Frustum, similar 

to the MARK XI frustum manufactured by the General Electric Company. 
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Table 2-1 

Summary of Study Activities 

a. 
b. 

c . 

Selection of Areas to be Surveyed. 

Survey of the Selected Areas. 

Evaluation of Survey Data and Identification of Cost Impacting 

Factors e 

Selection of Specific Structural Elements and Manufacturing 

Technologies for Phase I1 Study. 
d. 

Phase 11-Representative Manufacturing Lines and Model Description 

a. Selection and Detailed Development of Manufacturing Computed 

Model. 

Identification of Manufacturing Lines and Potential Areas for 

Improvement e 

Identified Phase I11 Plans to Determine Sensitivity of Manufacturing 

Cost, to Changes in System Factors (Developed in Phase I), and 

To the Interaction of Two or More System Factors Concurrently 

Impacting the Manufacturers System. 

b. 

c. 

a. The Impact of Manufacturing Technology Differences and 

Changes in Factors Upon Manufacturers Cost. 

Interaction Analyses of More than One Change in a Factor 

Concurrently Impacting the Manufacturing System Cost 
b. 
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35' (10 (I 

I 

(9 GORE SEGMENTS) 

MATERIAL: 
2014-T6 ALUMINUM 
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FT DOME 
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Figure 2-3 Propellant Tank Structure (Structural Element No. 2) 
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The second structural element selected, Figure 2-3, was a large propellant tank such 
as used in a Saturn V Launch Vehicle Stage. This tank is generic and design dimen- 

sions were established for a tank 21.6 feet in diameter and 56.6 feet long. A generic 

type of structure was selected rather than an actual structure to facilitate objectivity 

in the manufacturing analysis and to avoid undue reflection on a particular Apollo 

Saturn V component 

For each of the above structures state-of-the-art manufacturing lines , including 

facilities tooling, fabrication and assembly processes, labor requirements and re- 
lated costs were established for production rates of 2 and 20 per year. Actual data 

supplied by the General Electric Company, Space Division adjusted for the selected 

production rates was used in developing the state-of-the-art line for Structural Ele- 

ment No. 1. Facilities, tooling, fabrication, and assembly processes for the state- 

of-the-art line for Structural Element No. 2 are a composite of those used throughout 

the aerospace industry for such structures, as determined during the survey trips. 

Related cost data were developed by the General Electric Company cost estimating 
personnel based upon experience , discussions with tooling manufacturers and appro- 

priate related data. 

Using the state-of-the-art line as  a base and the computer model a s  a tool for analysis, 

problem areas were identified and solutions were developed and placed in the following 

three categories: 

a. Solutions Readily Available. 

b. 
c 

Solutions Require Technology Development ~ 

Solutions Require Major Technology Development. 

Changes to the state-of-the-art lines brought about by the (a) solutions formed the base 

of the improved line, and changes to the improved line brought about by the (b) and (c) 

solutions were instrumental in forming the advanced line e 

Through the application of the manufacturing model described in Section 4, studies 

were made of the effect on cost caused by changing various factors; i .e. ,  quantity, 

quality, reduction in number of design changes, etc. 

while considering various rates for facilities and tooling, depreciation, property tax, 

and interest on capital invested. 

for the manufacturing lines 
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2 2 e 2 ASSUMPTIONS 

In arriving at cost for facilities, tooling, material, labor, and processes, the assump- 

tions shown in Table 2-2 were used. 

These assumptions were developed from numerous contacts with vendors and industry. 
In particular, the Air Force Manufacturing Engineering Laboratory was helpful in 

establishing typical costs used in study calculations. Care should be exercised in use 

of the absolute values of cost derived in this study since cost values vary with time and 

geographic location. 

Since this study is primarily focused on obtaining a baseline for current manufacturing 

technology, study attention was concentrated on the aluminum alloys that are the prin- 

cipal materials used in space vehicle structures. Future studies should be performed 

to evaluate the impact of advanced structural materials, such as beryllium and carbon 
filament composites, on future manufacturing costs. 

2 . 2 . 3  STUDY VARIABLES 

This study is broad in scope, and evaluates the impact of many different factors and 

technologies on program cost. A list of such variables is shown in Table 2-3. Vari- 
ables include the types of structure, lines, quantity, costs, elements, learningcurves, 
and numerous other factors. In many cases, these variables are correlated and inter- 

action effects are  studied. 

The number of cases if all these interactions were studied would be the product of the 
number of observations in Table 2-3, a number approaching one million. To keep the 

study within manageable bounds, the 12 basic combinations of 2 structures, 2 rates, 
and 3 lines were considered as a baseline for study evaluation. This continued to pre- 

serve the broad scope of the study. Other variables have been considered for several 

of these basic manufacturing lines. The results have been interpreted to identify 
interactions. 

The computer program MANCAN described in Section 4 was used to assist in these 

calculations. Each of the variables presented in Table 2-3 is discussed in Section 3 

with regard to the effect on program cost. 
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Table 2-2 

Manufacturing Cost A s s umptions 

Materials 
Aluminum Sheet 
Adhesive for  Bonding 
Honeycomb (Fiberglass) 
Extrusions (Y Rings and Cylinder Rings) 

Costs - 
$ .68/lb* 

l.OO/sq. ft .* 

4.00/ft. 
20.OO/CU. ft. 

Inspection 
X-Ray Weld 

Sonic Inspection 

$ 5.50/sq. ft.* 

5.50/sq. ft.* 
2.OO/ft . * 

Facilities & Tooling** 
All costs for required faL S t ies  and tooling a r e  included as a non-recurring expense. 

Taxes, Interest, and Depreciation 

a. 

b. 

c. 

Total manufacturing program costs include: 
The amount of depreciation of tooling and facilities and assume that the tooling 
and facilities a r e  sold for depreciated value at the end of the manufacturing progran 
As applicable interest on capital invested in tooling and facilities at the rate of SY, 
of invested value p e r  year of program length. 
As applicable, property taxes on facilities and tooling equal 3'g, of depreciated 
value per year of program length. 

Fabrication 
Metal Removal 

Numerical Controlled Milling 
Chem Mil l  

Tig Welding 

$ 1.50/lb.* 
5.50/lb. * 
7 . O O / f t  . * 

Labor Rate *** 
Pre-Manufacturing 
Manufacturing (Includes All Shop Personnel) 
Quality Control (Includes Manufacturing Test) 

$15. OOhr . 
15 . O O / h r .  
15.OOhr . 

Material Constraint 
All Materials in Elements 1 and 2 are Aluminum Alloys with the exception of some fasteners I 

~ 

Recycle Due to Changes 
A 40 percent recycle of all pre-manufacturing operations (planning, scheduling, etc. ) , was 
included to account for impact of changes. This assumes that 40 percent of all planning and 
manufacturing engineering work would be done over to correct fo r  changes during the manu- 
facturing cycle. 

Land 
(Various prices were assumed for land, depending on location.) 
Daytona Beach Vicinity--$l2,000/Acre Cape Kennedy Vicinity--$14,500/Acre 

Philadelphia Vicinity-$35,000/Acre 

Factory /Building Space 
(Assumed prices varied depending on usage, ceiling height.) 
Low Bay Ordinary Shop (30 Foot)-$18/sq. f t .  Composite Factory and 

Engineering-$25/sq. f t  . 
High Bay Assembly (100 Foot)-$60/ft. 

NOTES: 
Cost Basis-All costs including tax rates and interest on capital invested in facilities and tooling a r e  

based on 1969 values and a r e  shown without fee. Interest and tax rates are basedupon those 
prevalent in Volusia and Brevard Counties, Florida (Daytona Beach/Cape Kennedy vicinity). * -Data from Reference 1. 

** -Data from Rcference 2. *** -Labor rates include direct labor charges and overhead and G&A expenses, including pro- 
portionate share of cost of operating and maintaining the buildings and tools, heat, light, 
water,  services,  consumable supplies, IR&D, documentation, etc. 
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Table 2-3 

Study Variables 

Variable Number of Observations 

I 1. Type of Structure 

(Size , Pressurized v s  . Non- 
Pressurized, Manned vs  . 
Unmanned) 

2 Structures 

I 

2 Rates 2 .  Rate of Production 
@/Year , 20/Year) 

3 .  Quantity Produced 
(1,4 , l o  ,20,100) Average of 3 Quantities 

3 Lines 4 .  State of the Art 
(Mfg . Technology Differences) 

5. Cost Elements (Areas) 
(Facilities , Tooling, Pre- 
Manufacturing, Manufacturing) 

6 .  Cost Elements (Labor Type) 
(Material , Mfg. QC , Total) 4 Types 

7. Plant Location 
(Transportation, Separation) 2 Locations 

2 Values 8. Learning Curves 
(100 percent, 80 percent) 

9. Detail Steps in Fabrication, 
Inspection 80 Steps 

10. Factors Variation 
(Design Tolerances, Changed 
Specs , Change Control, Im- 
proved Scheduling, etc . ) 

-20 Factors 

11. Facility and Tooling Depreciation 
(100 percent write-off , straight- 
line, sum of the years digits) 

3 Rates 

12 Taxes and Interest for  Facilities 
and Tooling 
(None, 3 percent tax-6 percent 
interest) 
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SECTION 3 

RESULTS AND CONCLUSIONS 

3 . 1  INTRODUCTION 

Results were determined by a detailed evaluation of the cost impact of changes to the 

variables in Table 2-3. These variables were studied one-at-a-time and in multiple 

combinations to determine their influence o r  manufacturing cost e 

These results are presented herein, first from an overall viewpoint and then in order 

following that of Table 2-3. Distributions of cost grouping by the functions listed in 

Table 3-1 a re  tabulated in Section 3 . 3 ,  followed by presentation of results from the 
interactions study for multiple variations of program factors. Additional interaction 

study results are given in Section 6. 

Section 3 is concluded with a subsection of conclusions and recommendations for future 

studies. 

3 . 2  DISCUSSION OF OVERALL COST DISTRIBUTION AND PROGRAM VARIABLES 

3 . 2 . 1  OVERALL COST DISTRIBUTION 

The total cost distribution is shown graphically for  the three manufacturing lines in 

Figures 3-1 through 3-4 for various assumptions of depreciation, taxes, interest, and 
other factors. Figures 3-1 and 3-2 show the cost distribution for the frustum structure 

(Element 1) for manufacturing lines designed for production rates of 2 per year and 

20 per year,  respectively. Figures 3-3 and 3-4 show the analogous results for the 

propellant tank structure (Element 2) a 

The cost distribution is further subdivided within each bar as noted by the shadedareas 

to indicate the magnitude of costs for the major cost groups. 

The first bar of each.manufacturing line graph is the base (or nominal) case which serves 

as a basis s f  comparison and assumes 100 percent writeoff of facilities and tooling at 
the end of the program. 
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Table 3-1 

Grouping of Like Activities Into Identifiable Cost Groups 

Identification 

Raw Material 

In-Proce ss Material 

Inspect Dimension 
Form 

Weld, Bond 
ASM, Other ------------------- 

Machining 

Forming 

Joining 

Tooling , Material 
Handling 

Jigs, Fixtures 

------------------- 

------------------- 
Test-Accept 

Storage 

Transport 

------------------- 

------------------- 
Facilities Bldg, 

Mach Tools 

------------------- 
Processing 

ChemMill, Anneal 
Heat Treat, Curing ------------------- 

Pre-Manufacturing 
Labor 

Items Included in Cost Groups 

Sheet Aluminum, honeycomb, rivets 

Bonding Cement, Die Penetrant ~ Maskant 

Mechanical Inspect, X-Ray 
.................................................. 

X-Ray, Die Penetrant, Ultra-sonic 
Visual, Optical , Mechanical 

Trimming , Cutting, Milling , Drilling , Sawing, 
Machining 

Stretch-form, Brake-form, Bending 

Welding, Brazing 

Spreader Bars, Dollies , Load Cells 

.................................................. 

.................................................. 

Templates , Dies Hydrostatic Test Equipment, De- 
greaser Tank Assembly Tower , Pressure Test 
Equipment 

Acceptance Testing , Pressure (Leak) Testing 

Storage Stock Room 

Drayage, Moving on Mobile Fixture ~ Dollies, Shipping , 
Air -Cargo 

Bricks and Mortar , Partitions , Work Stands 

Heat Treat, Etch, Clean and Mill ,  X-Ray, WeldHead, 
Presses 

Any other processing not included above 

.................................................. 

.................................................. 

.................................................. 

.................................................. 

Near Term Pre-Manufacturing Operations Non- 
Recurring Cost Including 40 Percent Recycle Plus 
Recurring Cost Per Unit Manufactured 
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The second bar includes the taxes and interest on capital in addition to the 100 percent 

writeoff assumption. The third bar incorporates the straight line depreciation assump- 

tion for the two per year production rate cases, and the fourth bar includes a combina- 

tion of certain changes to the basic manufacturing lines in addition to the straight line 

depreciation, taxes and interest. The latter two or three bars are shown by dashed 

lines for manufacturing line 2 because this data is based on data interpolated between 

lines 1 and 2 rather than on detailed computer program runs. 

For the 20 per year production rate cases (Figures 3-2 and 3-4) the fourth bar on the 

graph includes the effect of an 80 percent learning curve on the recurring labor costs. 

The fifth bar includes the effect of combining the specific changes in addition to the 

learning curve. 

A summary of the unit costs for the twelve nominal lines (3  lines, 2 production rates, 
2 elements) is shown in Table 3-2. These unit costs correspond to the first bar of 

each of the graphs in Figures 3-1 through 3-4. The data presented in the bar graphs 

are given in tabular form in Tables 3-3 through 3-6. 

Table 3-2 

Unit Manufacturing Cost -K$ /Unit 

Line No. 1 

Influence of the major variables, listed in Table 2-3, is discussed in the following 

paragraphs e 
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3 ~ 2 . 2  TYPE OF STRUCTURE 

Two widely diverse types of aluminum aerospace structures were studied, One was a 
relatively high-production, smaller diameter frustum, which was unpressurized and 

for use in unmanned operations. The second structure was a larger, pressurized tank, 
designed for use in manned operations. 

In general, results observed for each structure are similar-though some differences 
were noted and are discussed later. The principal impacting factors related to type of 

structure are associates to the differences of pressurization o r  nonpressurization. 

Higher manufacturing costs are reflected in the pressurized propellant tank structure 
since joints are welded rather than riveted as in the case of the support frustum. The 

welded pressurized joints require shop environmental control, complex welding equip- 

ment, tooling, safety and inspection procedures and acceptance testing. The nonpres- 

surized frustum structure is riveted together. Frequently the final inspection of a 

riveted joint is entirely visual whereas that of a welded joint may require a sample 

welded specimen every time the !'torch is lit" in addition to requiring weld grinding, 
200 percent X-ray, dye penetrant inspection, and pressure testing. 

3 . 2 . 3  RATE OF PRODUCTION 

Production rates of two and twenty major structures per year for up to five years are  

low when compared with the production of airplanes or  automobiles; however, these 

production rates do bracket the Saturn V and other major space hardware programs. 

Production rates and program length a re  factors that significantly impact element cost 

since they a re  pertinent e0 the defining and establishment of the cost of facilities and 
tooling and in turn, expected property taxes, interest on capital, and the type deprecia- 

tion writeoff most appropriate to the program. At  the low production rate, cost of 
facilities and tooling including taxes and interest, and other nonrecurring items for a 

large pressurized structure could be 74 to 87 percent of the total manufacturers pro- 

gram cost and at the high production rate, 40 to 63 percent of the total manufacturers 

cost. For the nonpressurized smaller structure, these percentages range at the low 
production rate from 74 to 94 percent and 40 to 73 percent for the high o r  production 

rate* 

3 . 2 . 4  QUANTITY PRODUCED 

No single factor has a greater impact on unit cost than the quantity of like elements 

produced, For example, with a production capability of 20 elements per year, the 
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manufacturing cost of each element when producing 100 is less than 7 percent the cost 

of producing one element. With a production rate of 2 elements per year, the manu- 

facturing cost of each element when producing 10 is in the order of 15 to 36 percent 

the cost of producing one element 
are the result of nonrecurring cost amortization and reduction in recurring cost re- 
sulting from improved job learning. 

These significant reductions in manufacturingcost 

3 . 2 . 5  MANUFACTURING TECHNOLOGY DIFFERENCES 

With the relatively low production rates of aerospace hardware program, advances in 

manufacturing technologies are  more likely to improve quality and reliability than re- 
duce manufacturing cost. The application of automated machine tools, utilizing the 

line 3 consolidated facilities, elementary interplant transportation, and the use of new 

and improved processes result in the reduction of up to 60 percent in the number of 

major parts and the elimination of up to 40 percent of the welded joints. The element 
number 2 manufacturing cost at the low production rate remains essentially unchanged 

and is decreased by 7 to 19 percent at the higher production rates. 

For both elements, the unchanged or increased cost at the low production rates and 

the small savings (if any) at the higher production rates is attributed to the increases 

in nonrecurring costs, primarily, tooling. 

Improvements in quality and reliability through the application of these new technologies 

while not quantifiable at  this time should be significant. For example, improvements 
in element number 2 in reducing welding would improve quality, reduce possibilities of 

leakage and increase payload by 325 pounds. If this payload were worth $1000 per 

pound, then the overall value would increase by 21 to 62 percent over the line num- 

ber 1 value. 
Table 3-7 

Increased Value in K$ for Payload Increase Associated With 
Technology Improvements from Line No. 1 to Line No. 3 

Total A 
Worth 

Payload 
A Worth 

(For $ l O O O / l b )  
Baseline Cost Manufacturing 
(Line No. 1) A Savings 

100 Units 
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3 . 2 . 6  NONRECURRING COST ELEMENTS 

The costs include facilities, machine tools, jigs and fixtures, and premanufacturing 

labor. At the lower production rates, the results of the study indicated that for a five- 

year state-of-the-art manufacturing line program, the nonrecurring cost plus appli- 

cable taxes and interest amount to 74 to 87 percent of the total manufacturing cost 

and 77 to 93 percent for an advanced line program. 

Compared to this, a five-year state-of-the-art manufacturing program at the higher 

production rates has nonrecurring cost plus applicable taxes and interest of 32 per- 

cent to 62 percent and for an advanced line program 42 percent to 72 percent. 

These percentages show the importance of quantity produced since fixed (nonrecurring) 

costs are amortized over the total output. Indication given by the increasing percent- 

ages with the advanced technologies are that higher production is of even greater im- 
portance in holding unit element cost to a minimum. Increases in nonrecurring cost 

of the advanced lines are  related to the increasing cost of automated andlarger, more 

complex machine tools. 

These nonrecurring costs, considering the generally low production rates of recent 

and current programs, are  a significant area for further study for cost reductions. 

3 . 2 . 7  RECURRING COST ELEMENTS 

These costs include all manufacturing, quality control, and recurring "premanufac- 

turing" labor, fabrication material cost , and expendable material such a s  X-ray films, 

inspection materials, welding rod, etc . For the low production rates, recurring costs 

for a five-year program are  small, ranging from 6 to 26 percent. For the higher pro- 

duction rates, the recurring cost range from 30 to 70 percent of total program cost. 

The recurring cost area, as  production rates approach something in the order of 20 

elements per year, is a significant area for potential cost reductions. 

3 . 2 . 8  PLANT LOCATION 

Results of industrial surveys conducted during the Phase I portion of the study show 

that the aero space corporation assembly function is generally geographically separated 

from the detailed fabrication and subassembly function e Results of this study indicate that 
for a separation of one hundred miles between the assembly plant and detail fabrica- 

tion and subassembly plant, transportation cost over that of a consolidated facility 

amount to about one percent of the total manufacturing program cost. 
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Other cost factors to be considered in relation to plant location is the skilled manpower 

availability construction cost, local taxes mode of transportation available, and time 

in transit from assembly to test or launch area. 

Training programs are very expensive e To train 50 percent of the work force it is 
estimated that unit element costs increase in the order of 30 percent with a probable 

additional four-percent increase in cost for limited skill workers e r ro r  corrections 

Construction costs vary widely throughout the nation; construction labor costs and 
total construction costs have spreads of more than 30 percent from one location to 

another. Because of the size of the finished product, location near waterways or air- 

ports may have a significant transportation advantage since overland transportation has 
many restrictions such as tunnel and overpass clearances, roadwidths and loadcapacity. 

Time in transit from assembly to test or launch can be costly since the product repre- 

sents invested money, and interest must be paid during transit time as well as any 

other time. 

3 . 2 . 9  LEARNING CURVES 

Learning curves showing planned cost reductions are generally applied to produc- 

tion rates of an estimated 8 to 10 elements per year or more. One Apollo contractor 

stated that his learning curve was a horizontal line, and that he was actually building 

several different structures rather than several copies of the same structure even 

though outward appearance was the same. He further indicated that changes being 

incorporated were a big contributor to keeping the learning curve horizontal. 

The results in Figures 3-1 through 3-4 show the application of "cost reduction" learn- 
ing curves to the 20 per year production rate. A t  this production rate for a period of 
five years, the 80 percent curve shows a manufacturing program cost reduction of 

approximately 13 to 30 percent for the state-of-the-art, improved, and advanced 

manufacturing lines. This reduction is significant and can be achieved by holding down 
changes and thorough manufacturing planning. 

3 ~ 2.10 DETAILS OF FABRICATION AND INSPECTION 

Each manufacturing process step must be carefully defined and documented to assure 

that no guess work is necessary for the worker to do his job and to assure conformity with 

all specifications. Materials and labor costs are 18 to 25 percent of total manu- 
facturing cost for the state-of-the-art lines and 9 to 23 percent for the advanced lines 
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at the low production rates for a five year program and 50 to 70 percent of total manu- 
facturing cost for the state-of-the-art lines and 42 to 58 percent for the advanced lines 

at the higher production rate. Tooling costs in percent of manufacturing program cost 
increased in the order of 5 to 15 percent in going from the state-of-the-art to the ad- 

vanced manufacturing line for both production rates. This increase in tooling cost as 
processes are automated, is generally offset to some degree by decrease in labor and 

material costs e 

3 . 2 . 1 1  DEPRECIATION METHODS, TAXES AND INTEREST 

The basic manufacturing lines and their respective cost include the assumption that 
equipment and facilities depreciate to "0" value at the end of the defined manufacturing 

program and taxes on these equipments and facilities a re  not considered. 

A s  the study progressed, it became apparent that the nonrecurring portion of the total 
cost was very significant and that methods of depreciation as well as the taxes and 

interest aspect should be considered for a more realistic picture. A s  a result, anal- 
yses in these areas looked at both straight line and sum of the digits depreciation 
methods and property taxes consistent with Eastern Volusia County, Florida (3 per- 
cent = $30 assessment per $1000 of valuation) and interest on principle invested of 

six percent. The impact of these types of factors upon manufacturing costs are indi- 
cated by Figures 3-5 and 3-6 where the cost distributions are shown pictorially to il- 
lustrate the effect of taxes and interest and depreciation method upon the total program 
cost. The two figures present the two extremes of the problem as related to the non- 

recurring/recurring cost breakdown. For example, the data in Figure 3-5 reflects 

the assumption that there is a 100-percent writeoff on facilities and tooling at the end 

of the five-year program. For the low production rate program the nonrecurringcosts 
are about 60 percent of the total cost and if the taxes and interest cost on the facilities 

are included this boosts the fixed costs to a level of approximately 85 percent of total 

costs. The corresponding numbers for the higher production rate are approximately 
37 percent and 53 percent respectively. This emphasizes the importance of the fixed 
cost area as a potential area for cost reduction where the facilities and tooling are 
totally written off (100 percent) against the job. 

The other extreme is represented by the data given in Figure 3-6 where the results are 
based on the straight line depreciation method. This assumes that only the yearly de- 

preciation is accumulated for the total program length and charged off as the facilities 

and tooling costs. Figure 3-6 shows that for the low production rate even with the 
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straight line depreciation method the nonrecurring cost plus taxes and interest are  

about 75 percent of the total cost. This decreases to 30 to 40 percent for the 20 per 
year rate. 

3 . 3  COST GROUPING 

The total manufacturing program has been subdivided into 17 functional cost groups. 

Each of these cost groups has been given a symbolic designation. Table 3-8 shows 

this cost group breakdown. A s  an example, cost group Number 1 is designated 
M1 which designates the raw and supplied material cost. 

present the cost group breakdown in dollars and percent of total cost for  each of 
the three lines for both structural elements 1 and 2 utilizing both production rate 

capabilities (2 per year and 20 per year). All of the data is based on a five year pro- 
gram and full depreciation (100 percent writeoff) is assumed at  the end of the program. 

Tables 3-8 through 3-11 

Results a r e  also shown in the major categories of Tooling, Facilities, Transportation, 
Materials and Labor e The Labor is separated into premanufacturing, quality control, 
and manufacturing labor. This is the type of output used for the Manufacturing Cost 

Analysis (MANCAN) computer program developed during the study. Tables 3-12 and 
3-13 give a summary of the cost distributions in both dollars and percent of toal cost 
among these categories for the base lines. 
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3.4 RANKING AND OVERALL INTERACTION ANALYSES 

3.4.1 IMPACT OF CHANGES ON PROGRAM COST 

The effect of varying some of the parameters was studied so that the relative importance 

of the changes could be observed. Changes to the basic lines were evaluated for 

reasonable excursion of the selected parameters and are numbered 3 through 20 on 

Figure 3-7. The resultant change in cost for both elements is also shown on this figure. 
For this evaluation, these changes were selected to show the sensitivity of cost to the 

indicated parameter and are  not necessarily practicable. Information related to these 

changes includes the following considerations : 
Change 3-Relaxed tolerances by 100 percent, such as increasing an allowance 

of * .002 to rt .004 for machining , illustrating the sensitivity of cost to design 

constraints and dimension tolerances. 

Change 4-Reduced number of design changes by 20 percent illustrates the 

impact on cost if changes could be reduced below the 40-percent level of re- 

cycling assumed for these studies. 

Change 5-Enlarges producibility files to include a 50-percent larger collec- 

tion of data on processes and methods of fabrication , such as illustrated in 

the Appendices of Volume 3. 

Change 6-Combine specifications issued separately by Engineering , Manu- 

facturing and Quality Control groups for control of manufacturing. Typical 
specification processes a re  described in Section 2 of Volume 3 ~ 

Change ?-Improved scheduling of shop including 15 percent less changes of 

scheduling in the shop, with better control of shop loads. 

Change 8-Reduction of quality control process and labor cost , in particular 

the reduction of some redundant operation such as inspecting welds repeatedly 

by several methods , so that quality control operations are reduced 20 percent. 

Change 9-Decrease of pre-manufacturing labor by reduction of recycle due to 

changes from 40 percent to 12 percent. This could result from reducing the 

number of changes going through the pre-manufacturing operations , with at- 
tendant cost savings shown in Figure 3-7. 

Change 10-Reduce design complexity by simplifying design and hence manu- 

facturing operations. The assumed measure is reduction of complexity and 

number of parts by 20 percent. 
Change ll-Consolidate facilities (for element 2 only) from two plants into a 

single plant. This reduces costs of transportation, handling and the costs of 

maintaining separate facilities. 
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Change 12-Changes associated with changing a manned structure (man-rated) 

to an unmanned structure , but preserving the same design dimensional 

tolerances. 

Change 13-Increase of element size and weight by 20 percent but keeping the 

same design configuration , materials and complexity. 

Change 14-Includes those activities required to train 50 percent of the work 

force, such as might occur in a new location of the plant o r  fabricating struc- 

ture in an environment where there was a 50-percent turnover in shop 

personnel. 

Change 15-Impact of security classification (such as SECRET) on actual hard- 
ware costs. Costs reflect those changes which could be necessary if a manu- 
factured item becomes classified. 

Change 16-Changes and cost differences if the plants were located in Ohio 

rather than Florida. 

Change 17-Changes in immediately identifiable costs if all such costs related 

to plant safety were eliminated. However, these costs do not include the re- 

sultant costs for lost-time accidents , reduced quality products o r  other losses 

which result from an inadequate safety program. 

Change 18-Baseline costs assume facilities and tooling a re  written off 100 

percent at the end of the program. This change indicates the cost savings 
noted if facilities and tooling have a value at the end of the program as noted 

in Figure 3-7 , with straight line depreciation. 
Change 19-Same as 18 but with value at the end of the program as determined 

by the sum of the year's digits. 

Change 20-This change shows the cost increase associated with increased dis- 

crepancy and scrappage by 10 percent of nominal shop load. 

The corresponding tabular values of the changes plotted in Figure 3-7 a re  given in 

Table 3-14. 

Ranking these changes by impact on cost , the results are shown in Table 3-15 for both 

element 1 and element 2. As noted earlier , depreciation assumptions (and hence value 
of facilities at the end of the program) a r e  important factors in determining manu- 

facturing costs. 
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Table 3-15 

Relative Ranking of Selected Changes to the Basic Line* 

*Basic Line is Line 1 for a Production Rate of 20 Per  Year  and a Five-Year Program 
(100 Units) with Full Depreciation at the End of Five Years. 

3 . 4 . 2  SUMMARY OF OVERALL VARIATION IN MANUFACTURING COST 

The overall impact of technology improvements on the manufacturing cost of the struc- 

tural elements is shown by the change in costs from manufacturing line number 1 to 

manufacturing line number 3.  This spans the total range considered in this study for 

impact of advancement in manufacturing technologies. For each element, both pro- 
duction capability rates (2 per year and 20 per year) were considered for two types of 

selected depreciation methods, e .  g. , 100 percent writeoff of tools and facilities at  the 

end of the manufacturing program and straight line depreciation, Impact of taxes of 
3 percent per year and interest on capital of 6 percent per year are  also included in 
all of the results. 

Figure 3-8 shows the results of this study. The results a re  presented so that the 

variation of the unit cost is given by the shaded range. For example, for Element 
Number 1, 2 per year production rate,  and 100percent depreciationmethod, Figure 3-8 

shows that the total change in unit cost varies from a minimum of a 19-percent increase 

in cost to a maximum of a 26-percent increase in cost when going from the state-of-the- 

a r t  manufacturing technology (line 1) to an advance manufacturing technology(1ine 3) .  

The 26-percent increase in cost corresponds to a program which makes only one unit, 

and the 19-percent increase corresponds to a program in which 10 units are made. 

It should be noted that the bounds of this range change to 14 percent and 10 percent 

for the straight line depreciation method. 
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The results in Figure 3-8 point out the fact that for Element Number 1, there is little 

cost advantage in going from the current line to an advanced technology as  long as 

there is an interest in only low production rates. Also, the data shows that an insig- 

nificant advantage is gained by going to the advanced technology for Element Number 2 
at  the low production rate. It is only when the number of units produced is large (100) 

that a significant reduction in unit cost becomes evident. Other advantages, such as 
improved quality, reduced leakage potential, and higher reliability may accompany the 

manufacturing technology improvements 

From the myriad of calculations made throughout this study the prime variables which 

affect the manufacturing cost of an element have been identified. These variables in- 

clude the quantity produced, depreciation, taxes and interest, labor and material, and 
the learning effect. The range of impact which these variables have on manufacturing 
cost is given in Figure 3-9. The data presented in this figure are not meant to reflect 

the absolute upper and lower bounds; rather, these are the bounds determined from the 

selected cases for which calculations were made. The values are included to illustrate 
the sensitivity of costs to the major program variables and are  not intended as prac- 
tical suggestions for improvements. Bars are shown on the graph of Figure 3-9 for 

both 2 per year and 20 per year production rate capabilities for each of the categories 

and the program length is 5 years in all cases except those involving variation in 

quantity produced. It should be noted that the data includes both that of structural 

Element Number 1 and Element Number 2 and spans the technology differences of all 

three manufacturing lines. 

- 

Referring to Figure 3-9 it is observable that in increasing the quantity of units pro- 

duced from 1 to 10 at the production capability of 2 per year the range of the cost 

reductions observed from all calculations was from 7 1  percent to 90 percent. For 

the 20 per year capability this range is from 92 percent to 99 percent which illustrates 
the potential of the higher production rates and quantity. 

The range of cost reduction found when going from 100 percent depreciation to the 

straight line method is from 42 percent to 73 percent for the low production rate capa- 

bility. This range is fairly large but again, the data covers cases involving both 
Elements Number 1 and Number 2 as well as spanning the technology advancements 

from the state-of-the-art line (line 1) to the advanced line (line 3) .  The labor and 
materials bars reemphasize one of the major results of this study, namely that for 

the low production capability the recurring labor costs are  a small portion of total 

costs. They range from 9 percent to 25 percent for the cases chosen for investigation. 
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3 . 4 . 3  INTERACTIONS OF RESULTS 

Results were evaluated for variations of several major factors simultaneously to study 

interaction effects. Figures 3-10 through 3-13 summarize results for both elements 

(one and two) and production capabilities (2 per year and 20 per year) showing unit 

production cost versus quantity for selected variations including: 

a. Program length. 

b. Type of depreciation. 

c . 
d. 

e.  
f .  Learning Curve. 

Inclusion of tax and interest. 

Technology improvements from line number one to line number 3 .  

Selected factors (4, 5 ,  8) a s  listed in Table 3-1. 

The strong impact of quantity, depreciation and factors are  illustrated in these figures. 

For low quantity, the depreciation assumptions are important and the factors (e) and 

(f) above less important. A s  quantity increases, the per unit cost level drops and the 

impact of the other factors increases. Overall costs range over two orders of magni- 

tude, indicating the importance of such manufacturing considerations. 

The general approach used in the development of Figures 3-10 through 3-13 was to 

start with the conditions which give a realistic upper bound on cost which corresponds 
with the 100 percent depreciation including taxes and interest. From here a signifi- 

cant change was incorporated which tended to lower the cost; a change in the depre- 

ciation method, for instance. Then another change was included to lower the cost, 

proceeding finally to the condition considered to give a realistic lower bound on the 

cost. This approach included, of course, the parameters such as different lines, 
quantity, etc. 

Figures 3-14 and 3-15 are  a combination of some of the data presented in Figures 3-10 

through 3-13, Figures 3-14 and 3-15 allow direct comparison of cost between the 

lower and higher production rates and the data encompasses the toal range of realistic 
costs from the upper to lower bounds. 

The individual calculations including detailed discussions of interactions of some of the 

myriad of manufacturing factors are given in Section 6 of this report. 
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Figure 3-10. Unit Cost Versus Quantity for Element No. 1 at a 
Production Rate of 2 per Year. 
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Figure 3-11. Unit Cost Versus Quantity for Element No. 1 at a 
Production Rate of 20 per  Year 
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Figure 3-12. Unit Cost Versus Quantity for Element No, 2 at a 
Production Rate of 2 per Year, 
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3.5 CONCLUSIONS AND RECOMMENDATIONS 

Quantity has the largest impact on the unit manufacturing cost of the typical aerospace 

structures considered in this study. Large nonrecurring costs (including facilities de- 

preciation) a re  required which must be written off against a small number of units pro- 
duced. As quantity increases, the nonrecurring cost burden for  each unit decreases. 

Improved learning is the secondary contributor to reduced unit cost with increased 

quantity. 

Other factors of significant influence are: (a) methodsof joining pressurized structures, 
and (b) consolidation of facilities in which the manufacturing and assembly facilities are 
geographically separated. In the former case there is a potential for cost reduction 

through improved welding techniques a Improvements in this area may facilitate reduc- 

tion in the extensive quality control labor required with present techniques. In the lat- 
ter case, a significant cost reduction can be realized by consolidating the manufactur- 

ing and assembly facilities into a single plant. 

The advanced manufacturing technologies investigated show limited potential for cost 
reduction for the conventional aluminum materials. Advancements in manufacturing 
have progressed at a pace consistent with related technologies leaving only limited 

potential for major cost reductions. However significant benefits of manufacturing 
technology advancements may be realized through improvements in quality. 

In general, large (order of magnitude) cost reductions a re  not indicated for the con- 

ventional materials and designs at the low quantities inherent with most aerospace 

structural applications. The most significant area for large cost reduction, within 

the constraints of limited quantity, is in the potential of advanced designs which mini- 
mize nonrecurring (facilities and tooling) costs. Advanced materials, such as com- 

posite materials, may be in this category. Advanced techniques for fabrication and 

inspection may permit low cost facilities and hence significant cost reductions for 
future aerospace equipment e 

Recommendations for further studies to better define technology and explore cost re- 
ductions include the following: 

a.  Advanced materials study to explore potential for reduced nonrecurring 
costs as well as improved quality and performance. 

Evaluation of applicability of these study results to aircraft and to reusable 

space vehicle structures e 

be 
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c.  Low cost facilities study. 

d. 
e. 

Welding techniques and quality control study e 

Use of the W.ANCANTT computer program for other manufacturing applica- 

tions including analysis and documentation of processes. 

These studies, particularly a. and b. above, should lead to identification and explora- 

tion of new fields of technology for future lower-cost vehicles. 
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SECTION 4 

MANUFACTURING COMPUTER MODEL 

4.1 METHODOLOGY 

4.1. I MODEL REQUIREMENTS 

Requirements were established for a manufacturing computer model as follows : 

a .  Definition-A semi-automated (combined manual and computer routines) 

model shall be capable of rapidly assembling costs and labor distribu- 
tions for each of the detailed steps in the manufacturing process. 

Objective-This model shall have the capability to rapidly evaluate influ- 

ence of variable program factors and manufacturing technology on cost 

and worth a 

Scope-The model shall include facilities and grounds , tooling, machine 

tools, jigs and fixtures, pre-manufacturing (expediting) , quality control, 
manufacturing processes, and manufacturing test. The model shall en- 

compass sufficient flexibility to handle various structural configurations , 
line configurations, rates of production and period of production (total 

quantity) , and plant locations. 

Learning Curve-The model shall include provisions for incorporating 
reduction in cost as  a function of quantity produced, by a standard learn- 

ing curve procedure (such a s  the Stanford Learning Curve). 

Operation-The automated system shall be set up in a user-interactive 
mode on a time-sharing computer system s o  that the user can control 

runs and output from a remote terminal. Instructions may be entered 
either directly or  from a storage file. 

Output-The program shall produce either a detailed or  summary output 
listing each of the categories of cost and labor activity and the subtotals 

by each of these categories. The output shall indicate assumptions as 

well as results. Costs and labor shall be expressed either in absolute 
numbers o r  as percent of the totals. 

b. 

c . 

d . 

e .  

f .  

A schematic illustration of the model requirements is shown in Figure 4-1. In this 

figure, those operations external to the computer program are noted, as well as inputs 

and outputs to each module or operation. The basic computer program is shown in 
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the elliptical frame; the other activities support or analyze results of this basic pro- 

gram. The manufacturing line definition was performed manually, and the resultant 
lines and analyses are  described in Section 5. 

4,1,2 MODEL SELECTION 

In selecting a model to meet the above requirements, several possible types of models 
were considered, including: 

a .  Explicit model-building each model as required to meet specific require- 

ments of each line. This would result in as many models as combinations 
of lines and configurations. 

Simulation model which simulates the flow process by simulating each 

step, process utilization of machines ,personnel , etc . An example of this 

simulation is the GPSS program such as  described in Reference 12. 

Again, a separate model is required for each line. 

Simplistic (throughput) model , which accumulates costs from specific 

data files in a general purpose assembly program with a specific out- 

put format. 

b. 

c . 

The third model type above-the simplistic o r  throughput model-was selected to more 

readily accommodate the study data while producing outputs on a standardized format. 

This model, described in more detail in the following paragraph, is an accumulation 

type of system where data is identified and summed to produce requested totals. No simu- 
lation or looping features a re  provided, rather each individual step is determined and 

costed separately on a one-time-through basis This simplicity allows considerable 
flexibility in the data processed and virtually unlimited number of input line configu- 

ration and factors studies. 

With the selected model, the input data and line identification items are processed 

manually into data files prior to operation of the computer program. In like manner 

the interpretation of the impact of technology improvements or variations in program 

factors are  performed manually using several assisting programs as desired from the 

time-sharing libraries, including: 
e 

a. Regression analysis to determine impact of multiple variables on results. 

b ~ 
Integer programming optimization routines to select preferred combi- 

nations of improvements in the presence of real program constraints ~ 

c Factorial design analysis. 
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The results a re  interpreted and assembled in Section 6 to indicate impact of program 

parameters on total costs. 

4 ~ 2 MANUFACTURING COMPUTER MODEL DESCRPTION 

4.2.1 SUMMARY 

In summary, the automated manufacturing model is a system that quantifies the cost of man- 

ufacturing a typical piece of aerospace structure. The manufacture of specified structures 

is considered in detail. The costs incurred are broken down into four categories: 
a .  Tooling. 
b. Facilities. 

c . Pre-Manufacturing . 
d. Manufacturing Processes. 

The individual steps that are performed during the manufacture of these structures are 
input together with manufacturing labor rates and other data into separate files. The 
basic set  of steps that a re  performed to manufacture these structures based oncurrent 

technology and capabilities a re  denoted a s  the state-of -the-art manufacturing line (Line 

1) ~ The costs associated with the total manufacturing activity for a structure a re  accu- 
mulated and displayed as total cost. 

In addition to the basic manufacturing line (Line 1) , two additional manufacturing lines 
a re  established (Lines 2 and 3): Line 2 incorporates improvements that can be made 

to Line 1 with present technology and Line 3 incorporates advanced manufacturing ideas 

that are determined to be feasible for the manufacture of these types of structures. 

Options available include the capability of varying production rate (2 per year and 20 

per year) , quantity produced, and use of learning curves. The capability has been in- 

cluded to allow assessment of the difference in total program costs when specific 

changes a re  made in the nominal manufacturing procedures. 

4 e 2 e 2 INPUT /OUTPUT 

The input requirements and the output options of the Manufacturing Cost Analysis Pro- 
gram (MANCAN) a re  shown in Figure 4-2. 
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1. 
2 .  
3. 
4. 

5. 
6 .  
7 .  
8. 

Summary Costs 
of Tooling, Facilities, 
Transportation 
Pre-Manufacturing 

Input 

Line No. (1,2,3) 
Prod. Rate (2/yr, 20/yr) 
Structure No. (1,2) 
Parameter Variation 
No. (1 ton)  
Program length (yrs) 
Output detail needed 
Learning curve used Detail Output 
Dimensions of results 

of costs of each 
individual step in 
the manufacturing 

cedure plus sum- 
y cost breakdown 

Figure 4-2. Input/Output of the Manufacturing Cost 
Analysis Program (MANCAN) 

4.2.3 MATH MODEL 

Typical equations for cost calculations include the following : 

Program Length (Years). 

Production Rate. 

Quality Control Labor Rate. 

Manufacturing Labor Rate. 

Learning Curve Factor. 

Change Number e 
The matrix containing material cost, quality control labor and 
manufacturing labor cost data. 

Elements of D i g j  

Material cost per unit e 

Material correction factor code number, 

Quality Control labor (M/hrs) per unit 

Quality Control labor correction factor code number 
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N 
T1 
T2 
T3 

i 

Then 
Tl i  

T2i 

T3i 

where 

Manufacturing Labor (M/hrs) per unit. 

Manufacturing Labor correction factor code number 

Matr ix  of correction factors. 

Element of matrix C. 1, j .  (Correction factor j corresponding 

to change i from the nominal case.) 

Total number of steps in Manufacturing Process e 

Material cost. 

Quality Control labor cost. 
Manufacturing labor cost. 

Manufacturing step number. 

1 , K 6 = 2  

20 (K5) 
K6 = 20 

20 (K5) (US 
I = 1  

S = Slope of learning curve on log-log paper. 

The total process cost is therefore 
N 

T =  (Tli + T2i + T3i). 

i=l 

The material cost, quality control labor and manufacturing labor costs are, 
respectively : 

N 

T1 = Tl i  

i=l 
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N 

N 

T3 = T3i 
i=l 

4.2 4 FLOW DIAGRAM 

A flow diagram for the manufacturing line computer program MANCAN is shown in 
Figure 4-3. The files with supporting data which can be called to run this program 

are  shown in Table 4-1. The main program is called MANCAN, the file containing 

factor variation with program change is named FACTORS. 

The main data files are listed in the matrix in Table 4-2, with file titles indicated at 

appropriate locations on this matrix. 

Table 4-1 

MANCAN Operating Files 

I I ' Name Title 

4 e 2.5 EXAMPLE OF OPERATION 

A sample operation is shown in Figure 4-4, which gives the steps necessary to run the 

MANCAN program. 

operator (I 

All  of the circled information was typed in by the program 
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. . .  . - 

Figure 4-4, MANCAM Program Operation 
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After  the READY signal is received, the program is available to the operator. If any 
changes are  necessary, they can be made at  this time. For example, the hourly labor 

rate for Quality Control, Manufacturing, and Pre-Manufacturing activities has been 
assumed to be $15 per hour for most of the cases investigated. These rates can be 

changed by changing lines 140, 150, and 160 of the program. This can be seen by in- 

specting these line numbers in the program listing in Appendix A .  

Following the changes to the program, the program can be started by typing RUN. The 

first question that must be answered is whether or not to make a run using the INPUT 

file. The INPUT file is a file that is created external to the main program MANCAN. 

If a number of runs is to be made, this is the method whereby all of the runs can be 
made at one time by establishing a file called INPUT, Each line of the INPUT file 

must have at least nine entries; these entries correspond to the nine variables K1, 
K2, K3, K4, K5, P$, K6$, P, Y$, Z1, Z(1), Z(2) . , . Z(Z1). The first five vari- 

ables are defined by the information in Figure 4-4. P$ is the key that allows the se- 
lection of the output printout format; input S for Summary, D for detailed o r  B for 

both. K6$ is either YES or NO and answers the question as to whether a learning 

curve is to be included. P is the percent learning curve desired if used, and Y$ is 
either $ or  %, which tells the program whether the results are to be printed in dollars 

or  in percent of total program cost. If more than one change is to be incorporated in 

a run K4 must = 2, and the Z factors following Y$ must be put in. Z 1  gives the total 

number of changes to be incorporated simultaneously and the Z(i)  are  the actual change 

numbers to be incorporated. It should be noted that the combination of changes to be 

used simultaneously should be chosen discretely. For instance the results would have 

little meaning if two types of depreciation were considered at the same time. The 
program logic will  allow any of the changes to be used simultaneously so it is left to 

the user to be aware of what he is asking. 

Each line of nine (or more) entries in the INPUT file establishes the data necessary 
for one run of the program, and as many cases as desired can be put in the file. If 

the INPUT file is not used, the program proceeds to ask questions as shown in Fig- 

ure 4-4 so that enough data is obtained to make a run. 

The computer output corresponding to the data given in Figure 4-4 is shown in Figure 4-5. 
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Figure 4-5. MANC Output Corresponding to Input Given in Figure 4-4. 
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SECTION 5 

ENTIFICATION OF MANUFACTURING LINES AND 
POTENTIAL AREA§ FOR IMPROVEMENT 

5 , l  DESCRIPTION, STATE OF THE ART MANUFACTURING LINE, LINE 1 

5.1.1 PROPELLANT TANK STRUCTURE, ELEMENT NO. 2 

5.1.1.1 

The liquid hydrogen, liquid oxygen propellant tank structure, illustrated in Figure 2-2, 

is characteristic of large tanks used on the Saturn V and planned for the Space Shuttle. 

For this study, the aluminum alloys a re  retained with at least some welding on all 

designs. Since the structure must be absolutely pressure tight-especially between 
the hydrogen and oxygen tanks, considerable care and inspection a re  required. This 

requirement, coupled with the large (260-inch diameter) size has necessitated a rather 

detailed manufacturing analysis e However, this structure should provide realistic 

observations and study results of the impact of program factors on construction, since 

its size and construction are similar to today's technology. The construction of this 

tank is a hybrid between the methods used on the S-I1 stage, S-IVB stage, or  planned 

for use on the Space Shuttle tankage. The manufacturing lines a re  principally con- 

cerned with two domes, a common bulkhead, and a cylindrical section. Characteris- 

tically, these are formed with large machines, either as  stretch forming of compo- 

nents which a re  welded into the whole, o r  as major sections which are formed or spun 

in toto and then assembled with fewer welds. 

Technology advancements for this structure a re  concerned, in the main, with these 

major operations : stretching, tank forming, joining, inspecting and material handling. 

Details of the manufacturing lines incorporating these operations a re  described in the 

following sections a 

The initial line (line 1) presumes a realistic, today's state-of-the-art situation where 
tank components a re  .fabricated in one location and assembled in a second location. Of 
the several major Saturn V/Apollo components studied during Phase I,  all were made 

in this manner7cornponents were fabricated in one plant and assembled in another ~ 
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The details of the manufacturing processes, tools and material handling are  sum- 
marized in Figure 5-1 for this propellant tank. The processes and tooling indicated 

in this figure are described in the following sections. The numbers on this chart cor- 

respond with the step numbers and can be correlated with later figures showing com- 

puter printouts e 

5.1.1 2 

From References 3 through 6 and information gained during the Phase I manufacturing 

facility tours, the manufacturing processes were developed and sequence numbers were 

assigned for each defined detail component, subassembly, assembly, and finally the 

total tank assembly. Material costs were computed based upon dimensions shown in 

Figure 2-2, material thicknesses from the above reference, and the assumptions 

shown in Table 2-2. 

Manufacturing Processes and Methods 

A s  each manufacturing process was defined and placed into its respective sequence, a 
plant number also was assigned. An analysis was made of each of the manufacturing 

processes to determine its material cost as applicable and its man-hour requirements 
for machine setup time, manufacture, assembly, test, and quality control. The re- 
sults of these analyses along with the defined and sequenced manufacturing processes 

a re  shown in Figure 5-2. 

5.1.1.3 Tooling 

Concurrent with the determination of man-hour requirements, and also based upon 

References 3 through 6 and the information gained during the Phase I manufacturing 
facility tours, tool requirements lists were developed on a component basis. Tool 

use times were estimated and the number of tools required for production rates of 2 

and 20 per year were determined. The floor space requirements of each tool were 

determined from Reference 3 and other sources, such as  the actual tool manufacturer ~ 

These floor space requirements were adjusted for walk-around clearance e Tooling 

unit costs were supplied by manufacturers or estimated by the General Electric 

Company tooling engineers. Tool identification, requirements, application, unit cost, 

and floor space requirements a re  shown in Table 5-1 for the production rates of 2 per 

year and 20 per year, 
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Figure 5-2 Manufacturing Processes for Propellant Tank Structure (Element 2) 
State-of-the-Art Manufacturing Line (Line 1) (Sheet 1 of 3) 
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5 . 1 . 1 . 4  

In the determination of cost of the facilities to house the two state-of-the-art manu- 

facturing lines, one having a production rate of 2 per year and the other 20 per year, 

it was assumed that each line would have a manufacturing plant (plant 1) and an as- 

sembly plant (plant 2) .  It was estimated that plant 1 for both lines would require 30- 

foot ceilings and plant 2 for both lines would require 100-foot ceilings. These esti- 
mates were based upon the size of subassemblies, the tank assembly, tooling require- 

ments, and overhead bridge crane clearances. 

The floor area for each of the buildings was established based upon providing facilities 

for the number of personnel required and summarizing the floor area requirements for 

the tooling and adjusting for other elements as shown in Tables 5-2 and 5-3. 

In arriving at the total cost of each of the manufacturing plants, land cost based upon 

1969 real estate values of land designated commercial, near transportation, in the 

vicinity of Daytona Beach, Florida were set at $12,000 per acre plus $18,500 per acre 
for improvement (access roads, water, etc.). Other cost items, including $18 per 

square foot of floor area, were estimated based upon information contained in Refer- 

ence 2 and information provided by the General Electric Company facilities section. 

The total cost of each of the manufacturing plants is summarized in Table 5-4. 

Table 5-2 

Propellant Tank Structure (Element 2) and State-of-the-Art (Line 1) 
Manufacturing Plant (Low Bay - 30-Foot) Floor Areas 

Center Aisle and Entry Area  
Storage Areas -Materials 

Loading Dock Extensions 

Fork Lift Parking Area 
Clean Room Facility and Compressor Area 
Vending Machine Area 
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Table 5-3 
Propellant Tank Structure (Element 2) and State-of-the-Art (Line 1) 

Assembly Plant (High Bay - 100-Foot) Floor Areas 

PRODUCTION RATE 2 Per Year  20 Per Year 

NO. OF PERSONNEL* 200 600 

ITEM 
Floor Area Floor Area  

Square Feet Square Feet 

Machine and Tool Area (from Table 5-1 21,300 78,660 
+ 50%) 

Center Aisle  and Entry Area  18,000 45,000 
Storage Area-Materials and Assemble Vehicle 45,660 100,000 
Eating Area  3,100 4,100 

Office Space 1,000 1,100 
Dispensary A r e a  1,120 1,120 

Loading Dock Extension (2) 5,000 12,500 

Toilet Facilities 600 8 00 
Fork Lift Parking Area 90 180 
Transporter Area  1,900 3,800 

Total 97,820 247,335 
Vending Machine Area 50 75 

'For Facility Sizing Only 

In arriving at the total cost of each of the assembly plants, land cost based upon 1969 

real  estate values of land designated commercial near transportation, including the 
intracoastal waterway, in the vicinity of Cape Kennedy (north entrance) were set at 

$14,500 per acre plus $18,500 per acre for improvements (access roads, water,  etc.). 

Other cost items including $60 per square foot of floor area were estimated based 

upon information contained in Reference 2 and information provided by the General 
Electric Company facilities section. The total cost of each of the assembly plants is 

summarized in Table 5-5, 

5 ~ 1 ~ 1 5 Transportation 

Transportation cost estimates include the costs encountered in moving subassemblies 

and components from plant 1 to plant 2. The basic elements of cost are re-usable 

shipping containers and the actual hauling charges. For this estimate it was assumed 

that the distance from plant 1 to plant 2 was 100 miles. It was further assumed that 

for a production rate of 2 per year, one set of containers would be required while 3 

sets of containers would be necessary for a production rate of 20 per year, 

5-14 



c, m 
0 u 
A 

% 

E, 
x a, 

c, rn 
0 u 
A s 

E 
al 
c, n 

O N 0  

o m  
0 " Z  
* n n  

L 

Lo 

n 
c, 
a, 
a, 
y.l 

0 0 0  
0 0 0  
0 0 0  

d N U 3  
d M c -  
a n r  

0 0 0  0 
0 0 0  0 m o o  0 

- $ L o o  M 
rl O M  cu 

A 

W 
N 

s 
Q) 

a, w 
a, 
k 
cd 

m 
5 

0 0 0 0  
0 0 0 0  
m o o 0  
00" 0- 0" 00" 

M M C D  

0 0 0  0 
0 0 0  0 
- 0 0  0 

5-15 



m 
I 

m 
a, 

r-4 

2 
E 

c, rn 
0 u 
h 

2 

E 
a, 
c, H 

0 0 0 0  
0 0 0 0  m o o 0  

0 
0 
0 

m 
rl 

6 

0 0  0 0  
0 0  0 0  m o  0 0  

rl - + m  
din us" 0" a," 

l-l 

a, 
5 
E 
s 

a, 
0 

w d 
0 

8l 1 s  
a 

0 0 0 0  
0 0 0 0  
o m 0 0  

N W E D  

m - m  
0 " ~ O O  

3 

F": 

a m 
0 
0 

0 
m 

c, 

0 0 0  
0 0 0  m o o  
l-ii d 0" 
l-l c1 

0 
0 
0 

m 
N 

PI 

v N 

c, 
0 
0 w 
a, 
3 
2 
k 
a, a 
0 
W e3 
I 
3 
2 

1 
-8 

c, 

4 
cd 

c 
a 
n 

c, 
cd 
a, x 
5r 

4 
8 

3 
% 

g 

5 

c 
0 
.r( 
c, 

u 
k 

I 
4 4 

0 
k 

cd 

c, 

a, 

c, 
cd 
k 

i$ 
8 
I 

.El 
bn 

a 
s 

x 

4 .d 

5-16 



All transportation costs, including the cost of the containers, were estimated based 

upon the size and weight of the components to be carried. The container estimates 

were prepared by the Apollo Systems shipping department and the hauling charges were 
estimated by a local cargo carrier Containers costs are  shown in Table 5-6 e 

F 

Production Rate 
2 Per Year 20 Per Year 

Container Identification Number Req/Cost Number Req/Cost 

The estimated hauling cost, one way with containers full, and a return t r ip  with the 

containers empty, is shown in Table 5-7. 

Table 5-6 

Shipping Container Cost 
Propellant Tank Structure (Element No. 2) 

LOX Tank 1/$8,600 3/$25,800 
22' x 22' x 15' - bolted 
Sections, shock mounted, 
Cross braced structure, Webb 
Belt tie downs - wt = 2900 lbs. 

Upper Dome 1/$7,000 
22' x 22' x 13' - same as 

35' x 10' x 6' - same as 
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Table 5-7 

Transportation Cost Summary-Leased Mover 
Plant No. 1 to Plant No. 2 One Way Distance - 100 Miles 

Propellant Tank Structure (Element 2 )  

Containers Cost Full Cost Empty Round Trip 
One Way One Way Per Tank 

LOX Tank 
Upper Dome 

Rings (Cyl) 
Cylinder Sections 

$1,500 $ 600 

1,300 500 

Total Cost (Re cur ring) $2,800 $1,100 $3,900 

5.1.1.6 Near-Term Pre-Manufacturing Operations 

Table 5-8 presents the near-term pre-manufacturing operations non-recurring and re- 
curring man-hour requirements. These man-hour requirements a re  the result of 

estimates developed using manufacturing consultants within the General Electric Com- 

pany and through visits with aerospace manufacturers. The non-recurring man-hours 

a re  estimated on a total program basis and are subject to a 40-percent recycle factor 

during the life of the program for updating the re-evaluation of functions. The recur- 

ring man-hours a re  on a per-vehicle basis. Both the non-recurring (including the 

40-percent recycle factor) and recurring man-hours are shown in Table 5-8. 

5.1.1.7 Summary 

The detail cost elements for production rates of 2 and 20 tanks per year are shown in 

Tables 5-9 and 5-10. A summary for each cost calculation is shown on the respective 

tables. 
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5.1,2 SUPPORT FRUSTUM STRUCTURE, ELEMENT NO. 1 

5.1.2.1 General 

The frustum adapter structure, illustrated in Figure 2-2, is representative of the un- 
pressurized, mechanically fastened structures that are  widely used in the aerospace 

industry. The particular model selected for this study is 50.5 inches in diameter at 

the largest part and tapers to an upper ring 45.8 inches in diameter., 

At  the upper surface of the frustum, an aluminum honeycomb bulkhead is attached to 

carry the payload loads to the frustum and thereby to the vehicle's outer skin. The 

structure is of a riveted, stiffened skin construction, consisting of: 

a. Four conically formed skins. 
b. Two rings (upper and lower). 

c. Sixteen longerons. 

d. One aluminum honeycomb bulkhead. 

The principal design criterion is the ability to withstand high loads with minimum de- 

flection of the bulkhead. Minimum weight is important but secondary to the above 

criterion. The current method of fabrication is to form the rings, skins, and long- 

erons and assemble by riveting. The upper bulkhead is prefabricated and attached by 

rivets in a similar manner. 

A typical procedure in current practice is that the aluminum bulkhead and lower rings 

a re  fabricated by subcontractors. In the use of the aluminum honeycomb bulkhead, 

the necessary tooling is supplied by the prime contractor (General Electric), in addi- 

tion to paying a cost of approximately $10,000 per bulkhead. A significant part of this 
$10,000 is directly attributable to numerous fastener installations which a re  inserted 

and bonded in place after the initial construction of the honeycomb is complete. 

The details of the manufacturing processes are shown in Figure 5-3 for the support 

frustum. The processes and tooling indicated in this figure are  described in the fol- 

lowing sections. 

5,1.2,2 

The manufacturing processes and materials used in definition of the state-of-the-art 

line (Line 1) are similar to those used on the Mark XII support frustum. In some cases, 
the planningwas changed to illustrate possible variations in method for study purposes 
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The computer printout of the manufacturing processes, with numbered steps corre- 
sponding to the flow chart in Figure 5-3, is shown in Tables 5-11 and 5-12. Although 

the honeycomb bulkhead is shown as a procured item, the detailed steps a re  illustrated 

in Figure 5-3 for further clarity of manufacturing steps. 

The costs for materials and man-hours for quality control, manufacturing, assembly 

and test are tabulated in Tables 5-11 and 5-12. The lot size assumed for the calcula- 

tions is that enough parts a re  made in one batch for one assembly. This necessitates 

set-up and completion of all operations for one assembly before continuing with the 

next operations for each of the tools. With the exception of the assembly fixtures, the 
rates of 2 per year and 20 per year require f a r  less than full utilization of tools and 
fixtures (Tables 5-11 and 5-12). Production of greater than 20 per year could readily 
be accommodated with only limited increase in factory and tooling requirements. 

Unlike structural element 2 (the propellant tank) where rates are limited by the large 

size and usage of forming tools, the support frustum can be readily accommodated by 

a modest aerospace fabrication shop. In fact, economics indicate the advantage of 

multiple use of existing tools, in between operations for the 2 per year or 20 per year 

of this study. However, the costs of this study were determined assuming that charges 

include only those hours for the actual fabrication and do not incur additional costsfor 

personnel stand-by or retention of certain key skills or experiences. 
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Table 5-11 

Manufacturing Cost Analysis, 2 Per Year, Line 1, Element 1 

MAVUFACTURING CBST ANALYSIS 
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Table 5-12 

Manufacturing Cost Analysis, 20 Per Year, Line 1, Element 1 

MANUFACTURING C051 ANALYSIS . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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5.1.2.3 Facilities (Buildings) 

The buildings and grounds necessary to produce the support frustum structure were 

laid out as an independent factory, in order to properly appraise the appropriate costs 
for manufacturing. The buildings and layout of facilities are  shown in Figures 5-4 and 

5-5 and and have resulted in the costs calculated below and summarized in Tables 5-11 

and 5-12. 

70K 50K I Parking lot for 150 cars-20,000 square feet 
Land-2 acres at $35,000 per acre 

* 
_I___ 

Landscaping and access 

Total $620K 

Values noted in Assumptions, Table 2-2. 

In real circumstances, the facilities could not be justified solely by a single project, 

such as the support frustum manufacture. Additional work would be required and this 

would in turn reduce the apportioned costs to the manufacture of the support frustum. 

However, for this analysis, the entire costs are  used to form a basis of comparison 

between various manufacturing technologies and to analyze impact of program factors e 

5 1.2.4 Near-Term Pre-Manufacturing Operations 

The pre-manufacturing operations, itemized in Table 5-11 are the same activities as 
with Element No. 2. The costs were recomputed for the support frustum structure 

manufacture with the results as indicated in Table 5-11 e Learning curves, where 

applicable, can be applied to the recurring costs. 

As  with the propellant tank structure, a 40-percent recycle of activities was assumed 

to handle changes. This factor applies to the non-recurring costs-though use of the 
learning curves would have the effect of reducing this recycle. Based on experiences 

with Apollo/Saturn components, this 40-percent recycle factor seems conservative- 

in many cases, such as noted in Reference 8 ,  costs may double because of change activ 

ities characteristic to aerospace equipment 

5-1.2.5 

The complete cost tabulation for 2 per year and 20 per year production rate is 
shown in Tables 5-11 and 5-12, A summary for each calculation is shown on the 

respective tables. 
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5.2 ANALYSIS OF STATE-OF-THE-ART MANUFACTURING LINE, LINE 1 

Analysis of the state-of-the-art manufacturing lines for structural Elements 1 and 2 

has resulted in the identification of problem areas and their solutions as  shown in 

Table 5-13, Solutions to the identified problem areas are categorized as follows: 
Category I-Solutions immediately available. 

Category 11-Solutions that require some technology development. 

Category 111-Solutions that require major technology development. 

When Category I solutions are incorporated into the state-of-the-art manufacturing 

line, it will become the improved line and when Category II and III solutions are in- 

corporated into the improved line, it will become the advanced line. 

Table 5-13 

Representative Problem Areas (Areas for Potential Improvement) 
Line 1 Problem A r e a  
(Structural Element 2) 

Problem 1 

Facilities-The geographic separation of Plant 1 (Detail Fabrication) from Plant 2 

(Assembly) is costly. 

Solution (Category I) 
Consolidate Facilities. 

Five Year  Program Savings 

Item 

Transportation 

Plant 1 to Plant 2 
C ont ainer s 
Shipping 

Facilities (Separated) 

Plant 1 

Plant 2 

Total' Cost 

Facilities (Consolidated) 

A Cost (Saved) 

2 Per Year (10 Tanks) 
Cost ($) 

+$24,100 
+$39,000 

$2,881,190 

$8,384,040 

+$1,412,540 

~~ 

20 Per Year  (100 Tanks) 
Cost ($1 

+$ 72,300 
+$390,000 

$ 6,925,317 

$22,833,167 

+$ 6,153,285 
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Table 5-13 (Continued) 

Representative Problem Areas (Areas for Potential Improvement) 
Line 1 Problem A r e a  
(Structural Element 2) 

Five Year Program Savings 

2 Per Year  (10 Tanks) 20 Per Year  (100 Tanks) 
Cost ($) cost  ($9 Item 

Taxes (5 Years Saved) 

$1,412,540 x - *30 x 5years  $ 221,881 
1000 

$6,153,285 x 1000 30 x 5 years 

Savings -Total 1,687,521 

Savings -Total/Tank 168,752 

$ 922,993 

7,538,578 
75,386 

~~ 

Problem 2 

Welding-Costly and impacts quality. 
Domes 610 feet 
Cylinder 250 feet 

Rings 
Common Bulk 340 feet 

Cylinder 540 feet 

Miscellaneous 60 feet 
1,800 feet of weld 

Labor and Material 
Cost/Foot 

Welding $ 7.00 
4.00 X-ray - 

($2/single pass) 
$11. oo** 

Solution (Category I) 
Convert vertical mill for manually operated spinning of domes. 

Spin domes (4)-Eliminate 610 feet of weld per tank, related equipment and inspec- 

tions. (Impact on quality and cost e0 be determined.) 

Solution (Category 

Develop improved welding techniques for welding cylinder segments Y-rings, cyl- 

inder to dome rings, and jamb and dollar covers. 

Reduce number of cylinder segments from seven to four by utilizing wider rolling 
mill (would require a 220-inch mill). Saves 105 feet of welding. (Impact on quality 

and cost to be determined.) 

*Assessment (County Area-Volusia County, Florida) 
**Not including equipment and set-up labor 
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Representative 

Solution (Category 111) 

Eliminate all cylinder 

Table 5-13 (Continued) 

Line 1 Problem Area 
(Structural Element 1 and 2) 

Problem Areas (Areas for Potential Improvement) 

segment welds, roll form cylinder section in one single piece 

from an aluminum billet and chem mill structural pattern (waffles) or diffusion 
bond stiffeners to thin rolled cylinder. (Feasibility and impact on cost require 

further study) 

Problem 3 

Common bulkhead bonding costly and impacts quality. Currently bonding operation 

requires an estimated 2,000 man-hours of labor to f i t  and bond honeycomb in place. 

Solution (Category 111) 

Utilize a diffusion bonding process applicable to compound curved surfaces. 

(Impact on cost and quality and feasibility require further study) 

is 

~ ~~ ~~ 

Problem 4 
Program cost is impacted significantly by changes. Estimates of the overall impact 

of changes based upon past experience at the General Electric Company and other 

industrial survey interviews, the following breakdown of completed program cost 

indicated. 
Cost of Basic Program 
Cost of Engineering Required Changes 

Cost of Customer Required Changes 

35 percent 

25 percent 

I_. 40 percent 

100 percent 

Solution (Category 111) 

a. Develop a more precise implementation of phased planning to insure minimum 

changes e 

Implement a more firm change control system. 

Apply block system effectivity to change incorporation. 

b. 

c. 

Problem 5-Study Element 1 

Aerospace materials are  expensive because of exacting specifications and the rigid 

quality control that must be applied and verified. 

Solution (Category I) 

Material, machining and quality assurance costs of machined rings manufactured 

from forgings can be reduced by the purchase of forgings from which multiple rings 

can be machined e 
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Table 5-13 (Continued) 

Representative Problem Areas (Areas for Potential Improvement) 
Line 1 Problem Area 

(Structural Element 1 and 2) 

Problem 6-Study Elements 1 and 2 

Incomplete knowledge of manufacturing limitations and shop capabilities by design 

engineering causes more costly designs. 

Solution (Category 11) 

Information systems with large memories and visual displays are becoming avail- 

able. These systems will make it practical to keep the design engineer up-to-date 
on the various standard size and shapes of materials and shop processing and tool- 

ing capabilities - 
Problem 7-Study Element 1 

Reduce the many detail and costly operations in connection with riveting with a 

faster and simpler joining technique. 

Solution (Category 111) 

Roll and spot-welding could be used to a greater extent in aerospace structures if 

process reliability could be improved 

the range of reasonable expectations within the next decade. 

These processing improvements are within 

Problem 8-Study Element 1 

The many detail parts add to cost since they all require varying amounts of sup- 

port time. 

Solution (Category 111) 
Numerically-controlled machinery centers with simplified programming will make 
it possible to machine aerospace structures from single forgings. 

Additional areas of improvements can be identified in almost every area where signif- 

icant costs are  currently incurred. These areas are touched on briefly in Section 6 

of this report and are tabulated in matrices that show impact of variations of these 

factors on costs. 
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5 e 3 DESCRIPTION, IMPROVED MANUFACTURING LINE, LINE 2 

5 e 3 . 1  PROPELLANT TANK STRUCTURE (ELEMENT 2) 

5 . 3 . 1 . 1  General 

The improved manufacturing line, Line 2, incorporates the solution to problem 1,  

the consolidation of facilities, and the Category I solution to problem 2, the elimina- 

tion of 610 feet of welding per tank by spinning all domes (Table 5-13, paragraph 5.2) .  

5 . 3 . 1 . 2  

The manufacturing processes of Line 1 concerned with the dome segment forming, 

trimming, and welding into complete domes have been replaced with a series of spin- 

ning operations. The new manufacturing processes as well as new material costs are 
shown in Table 5-14. The change in material cost is primarily the result of shear 

spinning the domes from a single plate rather than forming from nine separate seg- 

ments where a large percentage of the material is scrapped. 

A s  with Line 1, as  each new manufacturing process was defined and placed into its 
respective sequence, an analysis was made of each of the manufacturing processes to 

determine its material cost as  applicable and its man-hour requirements for manu- 
facturing and quality control. The results of these analyses, along with defined and 

sequenced manufacturing processes, are also shown in Table 5-14. 
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Table 5-14 
Manufacturing Processes for Propellant Tank Structure (Element 2) 

Improved Manufacturing Line (Line 2) 
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0 90.15 
27 08675 
9 0121 
18 Oe745 
23 O i 8 5  
200 30.9 
30 00.7 
4 10785 
10 0. 225 

30 0. 8 75 
30 Oe875 
1600 3308 
42 e 6  
80 145 
10 4.84 

0 098 
32 Od72 
46 O e 9 9  
32 068 4 
60 1035 
32 Om8 4 
60 0 35 
26 O e 5 1  
54 10.26 
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Table 5-14 (Continued) 
Manufacturing Processes for Propellant Tank Structure (Element 2) 

Improved Manufacturing Line (Line 2) 

1070 MASKS C H E M - M P L L s  D E B U R R  & I N S P E C T  3.8 90 0 5.15 
1071 C L E A N 8  A N B D I Z E s  & I N S P E C T  0 27 36 O e  9 45 
1072 WELD DBME T 0  R I N G  & I N S P E C T  0.64 ,26 34 1.54 
9 073 WELD C N T R  $-CAP T0 D B M E s I N S P  0.28 13 20 0.775 
1074 G R I N D  A L L  W E L D S  & D I E - P E N  I N S P  0 60 200 30 9 
1075 X-RAY A L L  W E L D S  0023  0 0 0.23 
1076 P E R F Q R M  L E A K  C H K I W E I G H  & S T B R E  0.1 15 40 0.925 

1080 R I N G - F W D  DBME-C0MM0N BULK 
1081 VRY MAT F 0 R  1 F W D  D I M  Y RNG 0.35 0 0 0.35 
1082 FQRM & I N S P E C T  0 14 26 0.6 
1083 T R M o C L N s A G E  & I N S P E C T  0 4 14 0.  27 
1084 A N 0 D I Z E o  W E I G H  & S T B R E  0 4 8 0.18 
1085 WLD S E G s  S T R A I G T E N  R N G & I N S P  0 40 80 1.8 
1086 MILL RNG F A C E 8  I N S P & S T B R E  0 25 50 1. 125 

1090 C0MM0N B U L K H E A D  A F T  DBME 
109 1 V E R I F Y  CBMM0N BULK A F T  D 0 M E  MATL 
1092 S C R I B E & S A W  BLK T0 R E Q ' D  S H A P E  
1093 S H E A R  S P I N  F 0 R M  & I N S P E C T  
1094 C L E A N s  A N Q D I Z E a  QUENCH* & I N S P E C T  
1095 S P I N  FBRM T 0  S H A P E  & I N S P E C T  
1096 C L E A N o A N N E A L s Q U E N C H a &  I N S P E C T  
1097 F I N A L  FBRM S P I N  & I N S P E C T  
1098 CUT&TRM $ - 0 P ' N G  . D E B U R R &  I N S P  . 
1099 C L E A N ~ H - T R E A T ~ A G E I  I N S P  & S T B R E  
1100 MASKS C H E M - M I L L 3  DEBURR& I N S P  
1 1  10 C L E A N a A N B D I Z E o &  I N S P E C T  
1 1 1 1  WELD D 0 M E  T0 R I N G  & I N S P E C T  
1 112 WELD C N T R  $ - C A P  T 0  D Q M E s I N S P  
1 113 G R I N D  A L L  W E L D S a D I E - P E N  I N S P  
1 1  1 4  X-RAY A L L  WELDS 
1 1  1 5  P E R F 0 R M  L E A K  CHKI WEIGH & S T 0 R E  

0 
0 
0 
0 
0 
0 
0 
0 
0 
3.2 
0 
0.64 
0.28 
0 
00 46 
0.1 

0 
16 
20 
24 
30 
24 
30 
8 
30 
90 
27 
26 
13 
60 
0 
15 

0 
32 
46 
32 
60 
32 
60 
26 
54 
0 
36 
34 
20 
200 
0 
40 

0 
0.72 
0.99 
0.84 
1.35 
0*'8 4 
10-35 
0*-51 
1.26 
41 55 
Oe.9 45 
10 54 
00.775 
30-9 
0.46 
00'925 

2010 R I N G - A F T  D0ME CQMMBN BULK 
201 1 V R F Y  MAT FQR 1 A F T  DQME Y RNG 
2012 FgRM & I N S P E C T  
2013 T R I M a C L E A N a A G E  & I N S P E C T  
2014 A V O D I Z E I W E I G H  & S T B R E  
201 5 WLD S E G s  S T R A I G H T E N  R N G & I N S P  
20116 MILL RNG F A C E o I N S P E C T &  S T Q R E  

2020 TANK C Y L I N D E R  
2021 VRFY M A T e L  FQR 7 TANK S E G ' S  
2022 MILL E D G E S  
2023 MILL W A F F L E  
2024 U L T R A S B N I C  I N S P E C T  
2025 M 0 V E  7 S E G S  T 0  A S S Y  A R E A  
2027 D R I L L  S P R E A D E R  BAR H B L E S  
2029 H E A T  T R E A T  ( A N N E A L )  
2030 FQRM 7 S K I N S a C L N s A G E a I N S P  
2031 ANDZs  TRMs WGHI I N S T L  S P R  B A R S  
2041 WELD 7 S E G M E N T S  I N S P  
2043 T R I M  CYL & WELD R I N G S  

LL WLDSB WEI GW & S T B R E  

0.35 
0 
0 
0 
0 
0 

31 
6.5 
32. 5 
13085 
0 
0 
0 
0 
0 
202 
1 e21 
2.. 6 

0 
14 
4 
4 
40 
25 

0 
28 
28 
0 
7 
14 
0 
98 
31 
106 
34 
20 

0 
26 
14 
8 
80 
50 

0 
56 
56 
0 
14 
28 
14 
203 
45 
2112 
66 
80 

0.35 
0; 6 
00.27 
00.18 
108 
lm.125 

31 
70 76 
330 76 
13085 
0.315 
08 63 
0.'2 1 
40.51 5 
1; 14 
6.97 
2. 77 
4d 1 
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Table 5-14 (Continued) 
Manufacturing Processes for Propellant Tank Structure (Element 2) 

Improved Manufacturing Line (Line 2) 

2050 RXNG TANK C Y L  
2059 V R F Y  H A T  F B R  2 RNGSCCYL.9 
2052 F 0 R M  8 S E G  a I N S P E C T  
2053 T R I M J A G E s  I N S P E C T  
2054 A N B D I Z E  W E I G H  S T Q R E  
2055 WLD S E G J S T R ' P N  2 R N G S a P N S P  
2056 MILL RNG FACE. XNSPJ WE1 GH 
2057 MBVE 2 R I N G S  T0 ASSEM. A R E A  

2060 FBREWARD D 0 M E  
2061 V E R I F Y  MAT'L F B R  FWD D 0 M E  
2062 S C R I B E L S 4 W  BLK T0 R E Q v D  S H A P E  
2063 S H E A R  S P I N  F 0 R M  & l N S P E C T  
2054 C L E A N J A N N E A L J  QUENCHJ & I N S P E C T  
2065 S P I N  F 0 R M  TB S H A P E  & I N S P E C T  
2066 C L E A N J A N N E A L J  QUENCH. & I N S P E C T  
2067 F I N A L  FQRM S P I N  & I N S P E C T  
2068 CUT&TRM S - O P ' N G ,  D E B U R & I N S P a  
2069 C L E A N J H - T R E A T J A G E I  I N S P  & S t 0 R E  
2070 MASKJCHEM-MILL.  DEBURR. & I N S P .  
2071 C L E A N J A N @ D I Z E J &  I N S P e  
2072 W E I G H  8 S T B R E  
2073 WELD J A M B  &i I N S P E C T  
2074 WELD STUDS. F I T T I N G S .  I XNSP. 
2075 G R I N D  A L L  W E L D S J D I E - P E N  I N S P e  
2076 P E R F B R M  L E A K  CHECK 
2077 X-RAY A L L  W E L D S  & W E I G H  
2078 L B A D I M B V E  DBME T0 A S S Y  AREA 

L A B Q R  C 0 S T  C K S )  

0. 7 0 
0 28 
0 8 -  
0 8 
0 80 
0 45 
0 5 

1.3 0 
0 16 
0 20 
0 24 
0 30 
0 24 
0 30 
0 8 
0 30 
7.8 90 
0 18 
0 5 
0.28 13 
0.22 19 
0 60 
0.1 10 
0.3 95 
0 6 

134.97' 3926 
C 58.89 ) 

0 0.7 
52 18.2 
28 0: 5 
16 Oi36 
160 3;6 
90 2e025 
10 Oi225 

0 , 1.3 
32 00' 72 
46 0.99 
32 0.84 
60 le35 
32 0.84 
60 1 e35 
26 O a ' 5 1  
54  1 026 
0 90.15 
27 Oe675 
9 oi.2 1 
18 0.74s 
23 0*-8 5 
200 3.9 
30 0.' 7 
4 10.785 
12 00'27 

o . m - - - -  ------..e-- 

729 3 305. 255 
C 109.395 3 
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5.3,1.3 

The Line 1 tooling list, Table 5-1, was modified to delete the dome segment stretch 

forming equipment and incorporate dome shear spinning equipment. The tooling re- 

quirements for the low production rate spinning utilized a modified vertical boring 

mill for spinning and the higher production rate tooling requirements incorporate a new 

spinning mill. The cost of this spinning equipment was supplied by the Ai r  Force 

Materials Laboratory. 

The modified tooling list incorporates the above change for  Line 2 for both the 2 per 

year and 20 per year production rates and is shown in Table 5-15. 

The manufacturing and assembly plants for the improved manufacturing line for each 

of the two production rates have been combined such that each line is in its own build- 

ing. In determining the cost of the facilities to house the improved manufacturing 
lines, one having a 2 per year production rate and the other 20 per year, it was as- 
sumed that the manufacturing area would have 30-foot ceilings and the assembly area 

would have 100-foot ceilings, the same as  for Line 1. 

The floor areas for each of the buildings were established based upon providing facilities 

for the number of personnel required and combining the floor area requirements for 

each Line 1 and adjusting for other elements shown in Table 5-16. 

In arriving at the total cost of each of the consolidated plants, as for the Line 1 manu- 

facturing plant, land cost and improvements for land designated commercial in the 

vicinity of Daytona Beach, Florida were set at $12,000 per acre plus $18,500 per acre 

for improvement. Other cost items, including $18 per square foot of low-bay (30-foot 

ceiling) area and $60 per square foot of high-bay (100-foot ceiling) area, were esti- 
mated based upon information contained in Reference 2 and information provided by 

the General Electric Company facility section. The total cost of each plant is sum- 

marized in Table 5-17. 
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Table 5-16 
Manufacturing and Assembly Plant Floor Areas 

PRODUCTION RATE B- 2 Per Year 20 Per Year  

NO, OF PERSONNEL* bb 450 1,350 

Floor Area Floor Area  
ITE M Square Feet Square Feet 

Machine and Tool Area  75,660 207 488 
Aisle Ways and Entry Area 34,250 105,250 
Storage A r e a  Materials 57,000 125,000 
Eating Area 5,000 7,500 
Loading Dock Extension 7,000 14,500 
Office Space 1,500 1,800 
Dispensary 1,120 1,120 
Toilet Facilities 1,000 1,000 
Fork Lift Park Area 150 210 
Transporter Storage Area 1,900 3,800 
Clean Room and Compressor Area 29,360 46,666 
Vending Machine Area 60 90 

Total 214,000 514,424 

30-Foot Ceiling (Est) Area 164,000 374,424 
100-Foot Ceiling (Est) A r e a  50,000 140,000 
*For Sizing Only 

5.3.1.5 

With the consolidation of the manufacturing and assembly plants in accordance with 
the solutions to problem 1, Table 5-13, shipping containers and transportation cost 

between plants is eliminated. 

5.3.1.6 

It is assumed that this cost, both recurring and non-recurring, will be the same as for 

Line 1. Refer to Table 5-8, paragraph 5.1.1.6, 

5.3-1.7 

The cost elements for production rates of 2 and 20 tanks per year discussed in para- 

graph 5.3.1 are summarized utilizing MANCAN program, and are  shown in Tables 

5-18 and 5-19. 
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5 ~ 3.2 SUPPORT FRUSTUM STRUCTURE (E I;EMENT 1) 

5.3.2.1 General 

Since manufacturing lines actually in place in any one facility are behind the current 

state of the art, Line 2 represents a hypothetical condition. Therefore, Line 2 for 

Element 1 represents the implementation of equipment and processes that can yield a 

delta improvement over Line 1 conditions. A perspective of these changes can be ob- 

tained by referring to Table 5-28. 

5.3.2.2 

The derivation of Line 2 can be best described in the context of the principal structural 

elements, skin, longeron, etc. and the assembly joining method. 

7 Skin-At the low production rate of two assemblies per year it is doubtful 

that any change from Line 1 is warranted. The Line for 20 per year, how- 

ever, anticipates the application of the stretch-form technique now coming 

into wider use. While requiring specialized equipment and tooling, it is 
considered that the total of tangible and intangible factors involved would 

justify this approach, 

-Here also, the production rate of 2 per year would dictate the 

most straightforward approach to satisfy critical design requirements. This 

involves the use of three tools/processes: (1) brake-forming, (2) sawingout 

the lightening notch on a band-saw, and (3) joggling in a press or special- 

purpose equipment. All of these are conventional operations and do not re- 
quire special tooling. For the production rate of 20 per year, however, it 
is expected that design would accommodate to a standard extruded angle or 
a unique extrusion die,and could be justified on the basis of the footage in- 

volved. Also, the quantities involved would justify the use of a combination 

die for joggle, notch, and shear. 

The efficiencies of manufacturing multiple rings from a single forg- 

ing should'be so well established for Line 2 that this approach is incorpo- 

rated even in the low production rate. 

Bulkhead-A significant improvement in adhesive systems or  methods of 
assembly cannot be predicted in order to warrant a change in method from 

Line 1 ~ Any change here is reserved for Line 3 implementation ~ 
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Assembly-The use of roll and spot welding is implemented on Line 2,  since 

it is felt that the important process variables of surface condition and weld- 

ing cycles can be controlled sufficiently to produce a reliable weld. 

5 ~ 3 ~ 2 ~ 3 

Because of the modest quantities involved, the cost differences from Line 1 are ex- 
pected to be small. It should be pointed out, however, that side effects of these changes 

may be more significant than the direct effects. By this, we mean shorter schedules 

should be achieved, which in turn mean faster response to program changes, and 

higher reliability of the process itself. 

Cost Considerations 

5 . 3 . 2 . 4  Summary 

The tool lists, manufacturing process planning, and cost summaries for both 2 per 
year and 20 per year lines appear in Tables 5-20 and 5-21. 

5 . 4  DESCRIPTION , ADVANCED MANUFACT'URING U N E  LINE 3 

5 . 4 . 1  PROPELLANT TANK STRUCTURE (ELEMENT 2) 

5 . 4 . 1 . 1  General 

The Advanced Manufacturing Line, Line 3, incorporates, in addition to the change in 

Line 2, improved welding techniques for welding cylinder segments, Y rings, cylin- 

der-to-dome rings, jamb rings, and dollar covers. In addition, Line 3, with a prod- 

uction rate of 20 per year, incorporates a cylinder section comprised of four rather 

than seven segments. Line 3,  with a production rate of 2 per yearo uses the same 

cylinder configuration as Lines 1 and 2.  

5 . 4 , 1 . 2  

The manufacturing processes of Line 3, both production ratesp reflect improved 

welding techniques estimated to reduce welding time, quality control time for weld 

checking, and weld X-ray time by 50 percent. In addition, Line 3, with a production 

rate of 20 per year, reflects the deletion of 105 feet of weld per cylindrical section by 

changing the cylinder from seven to four segments. The defined and sequenced manu- 

facturing processes along with estimated material cost and manpower requirements 
per tank are  shown in Table 5-22 for a production rate of 2 per year. 
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Table 5-20 

Manufacturing Cost Analysis, 2 Per Year ,  Line 2, Element 1 

L I N E S  IHPRBVED UANUFACTURING L I N E  ( L I N E  21 

STRUCTURE: SUPPBRT FRUSTUN STRUCTURE (ELEMENT 1 I 

PRBDUCTIBN RATE: . 2 PER YEAR 

V A R I A T l 0 N  FRBM THE NBMINAL: NUNE 

T U T U  PROGRAM LWGTH:  5 YEARS 

L W I R  RATES-(WHRI: PRE-MFG.- 15. I 0.C.- 15. I MFG.- 15. 

IO0 
102 
1 0 4  
I06 
108 
110 
120 
I22 
I30 
132 
I40 
150 
152 
156 
160 
I72 
I90 
200 
202 
210 
212 
220 
222 
230 
2 40 
2 43 
2 44 
2 50 
2 60 
261 
2 62 
2 70 
280 
290 
301 
303 BENCH 
310 RBLL FBRMER 
312 CBNTBUR TEMPLATE 
360 U0RK S T W D  
361 APPLIED TEMPLATE 

CBYTRBL MASTER FIXTURE 
MASTER D R I L L  FIXTURE 
ORILL FIXTURES 
INSERT LBCATING FIXTURES 
BUIKHEAD ASSEMBLY FIXTURES 
CHEM CLEANING T M K S  
SPaT WELDER 
RBLL-SPBT FJ-ECTRBDE 
TESTING NACHINE 
TEST FIXTURE 
UELD ASSEMBLY FIXTURE 
SPBT UELO TEST FIXTURE B 
SP0T V E L 0  F,LECTRUDE B 
TURQUE TBBLS AN0 WRWCM SET 
I N S P E C T I B I  STATIQN 
MECHANICAL PRESS 
SHEAR 
8A-0 SAW 
APPLIED TEMPLATE 
BRAKE 
J B G U E  D I E S  
HAND D R I L L  
TEHPLATE 
METAL TAG STAMP 
HING HBLOING FIXTURE 
8 0 R I N G  M I L L  
CUTTlNG TBBLS 
RING F I N I S H  HBLOING FlXTURE 
MICRBMETER 
HEIGHT GACIE 
INOICATBR 
RBUGHNESS GAGE 
WEIGH SCALE 
S K I N  INSPECTIBN STATIUN 
LAYBUT TEMPLATE 

362 HPNO D R I L L  362 HPNO D R I L L  
363 PINCHES 
364 APPLIED TEMPLATE 

T I T &  

~~ 

W I T  NB. 
CBST W I T S  
CKBI 

5 2  
5 2  
5 2  
2 2  
3 e  
IS I 
45 I 

* 0.075 I 
24 I 
0.075 1 
3 1  
0.075 I 
0.075 1 
0115 1 
0.5 I 
10 1 
18 I 
0.4 1 
0.065 I 
12 I 
0.05 I 
0.05 1 
0.08 I 
0.01 I 
0.3 I 
40 1 
0.05 I 
0.3 I 
0.05 1 
0.05 I 
0.05 I 
0.04 I 
0.5  I 
0.3 1 
0.065 I 
0.1 I 
8 '  I 
0.065 I 
0.1 I 
0.065 1 
0.05 I 
0.02 1 
0.065 I 
0.2 1 

T S ~ I N I  COST CKS) 

T U T K  
CIS1 

CKSJ 

10 
IO 
10 
4 
'6 
15 
45 
0.075 

* er 
0.075 
3 
0.075 
0.075 
0.15 , 
0.5 
10 
I8 
0.4 
0.065 
12 
0.05 
0.05 
0.08 
0.01 
0.3 
40 
0.05 
0.3 
0.05 
0105 
0.05 
0.04 
0.5 
0.3 
0.065 
0. I 
8 
0.065 
0. I 
0.065 
0.05 
0.02 
0.06s 
0.8 

U I &  975 

F A C I L I T I E S  
'..Dmi.mms. 

TUT(Y. C I I T  
CKSB 

1 TEM MlHRS TBTAL CEST 
( K S I  

800 REVIEW PWGRAM DIRECTIVES 700. 10.5 
810 MFG. P R U I I I I N A R Y  SCMEDUES 420. 6.3 
820 P R B D U C l 8 f L I T Y  STUDIES 700. 10.5 
830 I O P l T l ~ Y l 0 R D E R  LDNG L E A 0  I T W S  500. ' 7.5 
840 A C C W I L A T W R E V I E W  W G R  L QC DICUWENT. 1120. 16.8 
850 DEVELUP SUB-ASSEMBLY li PARTS SCHTDLLE 528 - 7.91 

900 EXPEDITE IN-MBUSE/PURCHASE PARTS 2750. 41.29 
910 REVIEW PRBGRESS WITM PRsGRAV B F F I C E  550. 8.25 

RECURRING TBTALS 3300 49.4 
_--_---- ____--_--- 

TBTAL RECURRING W D  NBN-RECURRING PRE-IIFG. CBETSn 194.89 

1000 FRUSTUN ASSEMBLY 
1001 PURCHASE I RING 
1002 PURCHASE I BILKHEAO' 
1003 VERIPI~INSP.CLEANIBAG PARTS 
1004 HAKE RBLL-SPUT SPECBINSPECT 
1005 LBAD INTERF. RINGLSHIN I N  F I X T  
1006 RULL-SPBT ASSEMWE 1 l N S P  
1007 LBAO FWD RING. RBLL-SPBT 
1008 NWC SPBT-WELD TESTSBINSP 
1009 SCUT YQO LBNG.SRIDBLRSs I N S P  
I010 B s L T  ASSEMBLE BLLKHEAD 
1 0 1 1  CLEMBIOENTIFY. INSPECT 

1020 LBNGERBN 
l O Q l  VERIFY MATERIAL 
IO22 SHEAR TB S I Z E  
,1093 SAW NUTCH 
1084 BRAKE FBRM 8 JUGCLEIINSP 
1025 D R I L L  PER TEMPLATE ' 

I Oe6 DEBURR.CLEAN.ALB0. IDENTIINSP 

I030 RING 
1 0 3 1  VERIFY MATERIAL 
1032 FACE I FBRM GRUBVE 
1033 FACE BBRE.SEMI-FIN,CUT BFF 
1034 REVERSE RING.SEMI-FIN!SH,AGE 
1035 RE-SETUPeFINISH 1 SI0E.INSP 
103% REVERSE k F I N .  CBMPLETE.INSP 
1037 OEBURR,CLEAN, 6 ALBDlNE 
1038 UEIOWIIOENT~FY~ I N S P  

1040 S K I N  
I041 VERIFY MATERIAL 
1042 TRIM TB LAYBUT 
1043 R I L L  FBRN 
1044 D R I L L  HBLES PER TEHPLATE 
1045 TRIM BUR~NEIDEBURRIINSPECT 
1046 C H M  CLEAN, ALBDINE 
1047 TAG PART 
I048 APPLY PRBTECTIBN.LBADIINSP 

LABBR CBST OK$) 

MAT'L Q.C. MFG. 
C0ST LABBR LABBR 
( K S I  ( W H R I  CMlHkI 

10 
100 
0.2 
0.5 
0 
0 
0 
0.1 
0 
0 
0 

0.16 
0 
0 
0 
0 
0 

0-  3 
0 
0 
0 
0 
0 
0 .  I 
0 

0.6 
0 
0 
0 
0 
0.6 
0 
0.2 

0 
0 
40 
30 
0 
10 
0 
30 
40 
0 
20 

16 
0 
0 
16 
0 
16 

30 
0 
0 
0 
10 
20 
0 
1 0  

8 
0 
0 
0 
12 
0 
0 

0 
0 
60 
20 
20 
20 
40 
10 
60 
20 
20 

0 
16 
32 
32 
32 
32 

0 
32 
85 
60 
23 
60 
36 
10 

0 
20 
24 
52 
68 
12 
8 

I dTAL  
C'dST 
< K O >  

10 
100 
1.7 
1.25 
0.3 
0.45 
0.6 
0.7 
1.5 
0-  3 
0.6 

0.4 
0.24 
0.48 
0.72 
0.48 
0.72 

0.75 
0.48 
1.275 
0.9 
0.495 
1.2 
0.64 
0.3 

0.72 
0.3 
0.36 
0.78 
1.2 
0.78 
0.12 
0.44 

112.76 316 912 131.16 
C 4.74 I C 13.68 I 

MAT'L Q.C* HFG. PkE-MFG. TaTAL 
CBST LABBR LABsR LA80r(  CBST 
CKSI CMIHHI ( M I H R I  ( M l H R I  C K s )  

T 0 0 L I N G  
F A C I L I T I E S  
PRE-MANUFACTURIN G 

RCCURRING CBST 
NUN-RECURRING CQST 

MFG. PRBCESSES 112.76 --------- 
112.76 316 912 12988 1164.98 

LABOR I N  C K S I  < 4-74 I < 13.68 I 

9688 
3300 

218.975 
620 

145t32 
49.5 
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Table 5-21 

Manufacturing Cost Analysis 

MANUFACTURING CBST ANALYSIS 

09/28/70 
*o*~**r.*******tO**~**~**~E 

LINE:  IMPRBVEO MANUFACTURING L I N E  ( L I N E  2) 

STRUCTURE: SUPPBRT FRUSTUU STRUCTURE (ELEMENT I )  

PFa3DUCTIBN RATE: 20 PER YEAR 

VAKIATIBN FRBM THE NBMINAL: NBNE 

-TAL PRBGRAM LENGTH: b YEARS 

LABOR RATES-lS/HR)r PRE-MFG.- 15. I @ a c e -  15- I M F 6 . -  15. 

W I T  NB. TBTAL 
TBBLING CBST UNITS COST 
iii.ii= < K S >  (KO)  

100 C l N r R U L  MASTER F I X I U K E  

104 D R I L L  FIXTURES 
106 1NSEl iT LQCATING FIXTURES 
IO8 BULhHEAU ASSEMBLY F lXTU3ES 
110 WE+!  CLEAHING TANKS 

122 tiOLL-SPOT ELECTRODE 
130 TESTING MACHINE 

102 m s . r E a  OHILL FIXTURE 

120 spas WELDEK 

16G INSPLCTI l jN  STATION 
170 JJGGLL-tYr)iCH-SHEAR 
I71 MECHANICAL PRESS 
180 PUiYCH D I E  
230 CLTAL I A G  STAMP 
c42 R l 4 G  HOLDING FIXTURE 
243 ClgYINli M I L L  
d44 C U T T l k u  T W L S  
250 RING F I N I S H  HQLOING FIXTURE 
260 MliindMllbn 
261 HEIGHT GAGE 

5 2 10 
5 2 10 
5 2 10, 
2 2 4  
3 2 6  
15 1 '15 
45 1 45 
0.075 I 0.075 
24 
0 .075  
3 
0;  075 
0.015 
0.15 
0.5 
2 
IO 
0.8 
0.01 
0.5 
40 
0.05 
0 . 3  
0.0s 
0.05 

24 
0.015 
3 
0.075 
0.075 
0.15 
0 . 5  
2 
10 
0.8 
0.01 

40 
G . 0 5  
0.3  
0.05 
0.05 

n. 5 

270 dmuirnNEss GAGE 
25G WEIGH SCALE 
r5G S K I N  I i r S i E C i I B N  STATIBN 
Juu IA(bLL. 
J G l  LAIBUT ?EMPLATE 
302 ELECTdlC SHEARS 
310 i rBLL FBFMER 
320 AKC *CLUE8 
322 WELD FIXTURE 
330 S13ETCd MANOGEL 
340 B 0 i i l N G  M I L L  FIXTURE 

~~ 

262 INDICAIBt3  0.05  I G . 0 5  
0.04 I 0.04 
0.5 I 0 .5  
0.3 1 0 . 3  
0.3 1 0.3 
0.065 I 0.065 
0.1 1 0.1 
8 I 8  
2 I 2  
2 1 2  
3 1 3  
0.8 1 0.6 

350 I n S F E C I l W i  FIXTURE I '  I I 
380 OBLLY 0.2 I 0.2 

TBTAL TBBLING CBST (KI.) 200.065 

F 4 C I L I T I E S  
D I . i i E i i i . i  

500 CBNSBLIDATED MANUFACTURING 6 ASSWBLY PLANT 

TBTAL CeST 
( K S )  

620 

u 00 

870 
8 30 
8 40 
8 50 
R 6 0  
R 70  
8 8 0  

p i n  
REVIEW PRaGRM DIRECTIVES 
MFG. PRELIMINARY SCHEDULES 
PRBDUClBIL lTY STUDIES 
IDE+4TIWIBRDER LBNG LEAD ITEMS 
ACCUMllLATWREVlEW ENGR b OC DQCUMENT. 
DEVELOP SUB-ASSEMBLY L PARTS SCHEDULE 
HF6. PLRNNING BPERATIBYS 
DESIOI/PRBCURE T 0 Q L l N G  
VENDBR EVALUATIBN k S U E C T I B N  

NBN-RECURRING TBTALS 

MIWRS 

700. 
420. 
700. 
500. 
l12O. 
521. 
3Q00. 
1400. 
1120. 

9688 
---_---- 

TJTAL C0ST 
(US) 

10.5 
6.3 
10.5 
7.5 
16.8 
1.92 
48 
21 
16.8 

145.32 
---------- 

RECURRING CBSTS --__--_--_-_-_- 
27500. 412.5 900 EXPEDITE IY-H0IISE/PURCHASE PARTS 

910 REVIEW PRBGRESS WITH PRBGRAM B P F I C 6  5500. 82.5 -------- ----.----- 
RECURRIYG T I T A L S  33000 49 5 

TqTAL RECURRING AN0 NBN-RECURRING PRE-MFO. CPSTS. 640.38 

MNUFACTURING PRBCESSES 
P i l = z i i l = s 1 S l l l l = l i s I I  

1000 FRUSTUM ASSEMBLK 
1001 PURCHASE 1 RING 
1002 PURCHASE I ~ U L K H L A D  
1003 VEHIFY.INSPICLE~N.EAG PaRTS 
1004 MAKE RSLL-SPOT SPEC,INSFECT 
1005 LBAO INTERF. R I N G I S K I N  14 F I X 1  
1006 RBLL-SPBT ASSELBLE b. INSP 
1007 LBAO FUO RING, hr)LL-SFdT 
I008 MAKE SPBT-*EL0 T € S T S # I N S k  
1009 SPBT WELO LBNG*SPLIOELRS.INSP 
1010 BOLT ASSEMBLE BULKHEAD 
IO11 CLEAN.IOENTI~Y.IPISPECT 

I020 LBNGDRBN 

IO22 JBGGLE 
1023 NBTCH 
1024 SHEA* 
1025 PUNCH HBLES 
I026 O E B U R R I C L E I W I A L J D . I ~ ~ ~ ~ I ~ ~ N S F  

1030 R I N G  
1031 V i R I F Y  M A l E R I A L  
1032 FACE & Far7M W O B k L  
1033 FACE Bk3KE,SEhl-FldrCUT BFF 
1034 REVERSE R I N G , S E M I - ~ I N I S H i A G L  
1035 I ~ t . - b l : i U F , i l * ~ l b i  I SIDE.1 1st 
1036 W V E K S E  FIN. C'3MPLETEiIcibP 
Id37 DEBURH*CLEAN, L AL00lNL: 
1038 WEIGHIIOENTIFYIINSP 

1040 S K I N  
1041 VEYIFY MATERIAL 
1042 T R I U  TB LAYBUT 
1043 RBLL FURM 
1044 ARC MELO 
1045 STRETCH FBRM 
1046 T R I M  TB SIZE, INSPECT 
1047 CHEM CLEAN, ALUOINE 
I048 I O E N T I F Y I P R B T E C T ~ S T B R E ~ I N S ~  

,1021 VERIFY MATERIAL 

G 
G 
40D 
3or. 

I GO 
0 
31,0 
A 0 0  
0 
d0b 

16U 
0 
0 
0 
(0 

I 6C 

3GO 
0 
G 
0 
IO0 
euu 
0 
I on 

20 
0 
0 
0 
0 
50 

ii 
400 
2. 
5 
0 
0 
0 
I .  
0 
G 
0 

1.6 
0 
0 
u 
0 
0 

3. 
0 
G 
0 
b 
0 
I .  
0 

15. 
0 
0 
0 
0 
0 
1.5 
0 

I ,  

SI,< 

1 7  
1 % .  i 

4.5 
6 
7 
1 3  
3 
b 

G. I r  
G. 72 
C . 5 b  
2.4 
.i.2 

7.3 
4.3 
18. I ,  
i 
4.515 
I 2  
6.4 
3 

15.3 
U.75 
0.51 
1.5 
2-85 

MAT'L (3.C. MFG. PhE-MhG. iPTAL 
C0ST LABBR LABBR LABOR CdST 
(KS) ( M I H R )  ( M / H R )  (M/H!O (NS) 

T 3 3 L  I Y G 
F A C I L I T I E S  620 
PRE-WWUFACTURING 

200.065 

NBN-RECURRING CBST' ' 9688 145.32 
RECURRIYG CBST 33000 495 

505.1 2810 7010 652.4 

505.1 2810 7010 42688 2112179 
---_-_--- -----_--- -_--_---- ----------- _ _ _ _ _ _ _ _ _ _  MFG. PRBCESSES 

LABaR I N  (KS) ( 42.15 ) ( 105.15 > 
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Table 5-22 
Manufacturing Processes for Propellant Tank Structure (Element 2) 

Advanced Manufacturing Line (Line 3) 

1000 
1001 
1002 
1003 
1004 
I005 
1006 
1007 
1008 
1009 
1010 

1020 
1021 
1022 
f 023 

1030 
1031 
1032 
1033 
1034 
1035 
1036 
¶ 037 
1038 
1039 
1040 
1041 
1042 
1043 
1044 
1045 
1046 
1047 
1048 

1050 
1051 
1052 
1 OS3 
1054 
1055 
1056 

1060 
1 061 
1062 
1063 

064 
065 

II 066 
1067 
1068 
1069 

f 

TANK A S S E M B L Y  
I N S P E C T  FBRWARD DBME 
I N S P E C T  L B X  TANK 
MBVE DBME&LX TK T0 ASM TWR 
WELD C Y L  T0 L X  T K C ~ N T ~ ~ I N S P  
WELD C Y L  T0 L X  T K C E X T ) & I N S P  
WELD CYL TB1 FWD D B ~ E C I ~ ~ I  
WELD C Y L  T0 FWD D B M E C E X T I  
H Y D R B S T A T I C  TEST 
D E G R E A S E  
W E I G H T  & S T B R E  

L0X TANK A S S E M B L Y  
MATE C BLK/A-DBM:SEAL & I N S P  
X-RAY A L L  WELDS. WEIGH 
MPIVE TB A S S E M B L Y  A R E A  

A F T  DBME A S S E M B L Y  
V E R I F Y  M A T E R I A L  F 0 R  A F T  D0ME 
S C R I B E  & SAW B L K S  T0 R E Q ' D  S H A P E  
S H E A R  S P I N  F 0 R M  AND I N S P E C T  
CLEAN. A N N E A L 8  QUENCH. 81 I N S P E C T  
SPIN F 0 R M  T O  S H A P E  AND I N S P E C T  
CLEANS ANNEAL,  QUENCH8 & I N S P .  
F I N A L  FBRM S P I N  8 I N S P E C T  
CUT&TRM S-BP 'NG.  D E B U R R  & I N S P  
C L E A N 8  H - T R E A T a  AGES I N S P I  & S T B R E  
MASKaCHEM-MILL.  DEBURR & I N S P o  
C L E A N S A N ~ D I Z E I  & I N S P E C T  
W E I G H  AND S T Q R E  
WELD J A M B  I N S P E C T  
WELD STUDS.  F I T T I N G S  & I N S P E C T  
G R I N D  A L L  WELDSJ & D I E - P E N  I N S P e  
P E R F B R M  L E A K  CHECK 
X-RAY A L L  W E L D S  & W E I G H  
T R A N S P B R T  T0 L O X  TANK A S S Y  A R E A  

C0MMBN B U L K H E A D  A S S E M  
E T C H  C L E A N  A F T  D0ME 
E T C H  CLEAN FWD D 0 M E  
F f T & B N D  WNYCMB 6 I N S P E C T  
B U T  WLD Y RNGS L K  C H K & I N S P  
M A C H I N E  R I N G  B U T  WELDS 
XRAY W L D a U L T I I N S P  DBMEoWGH d: S T R  

0 
0 
0 
0.31 
0031 
0931 
00'31 
0 '  
0 
0 

1.34 
061 4 
0 

2. 6 
0 '  
0 
0 
0 
0 
0 
0 
0 
7.8 
0 
0 
0.  25 
0.' 1 1 
0 
0.1 

0 
08 15 

902 
002 
308 
00.4 
0 
4. 17 

0. 
0 '  
0 
0 
0 
0 
0 
0 
0 

20 
40 
0 
62 

' 27 
62 
52 

. 200 
50 
20 

140 
10 
5 

0 
16 
20 
24 
30 
24 
30 
8 
30 
90 
18 
5 
10 
10 
60 
10 
50 
5 

15 
15 
400 
11  
20 
30 

0 
16 
20 
24 
30 
24 
30 
8 
30 

10 
10 . 
20 
122 
2'4 
92 
52 
400 
100 
125 

152 
20 
10 

0 
32 
46 
32 
60 
32 
60 
26 
54 
0 
27 
9 
15 
15 
200 
30 
3 
10 

30 
30 
1600 
28 
80 
10 

0 
32 
46 
32 
60 
32 
60 
26 
54 

TBlTAL 
GBSF 

0. 45 
00.75 
0; 3 
38 0 7 
I d 1 2  
2e.62 
1087 
9 '  
2.25 
2; 175 .. 

5 0  72 
0059 
0.4225 . .  

2. 6 
O I  72 
08.99 
O e 8 4  
1035 
O e 8 4  
1 e35 
0; 51 
10'26 
9015 
Oe.6P5 
0:2 1 
06625 
0.'485 
3:9 
0.' 7 
0.945 
08'225 

0.8 7 5  
00875 
330 8 
0.985 
1 6 5  
49' 7 7 

0.8 
0 0. 72 
0099 
O d 8 4  
f e.35 
Oa84 
I m.35 
O d 5 1  
1 626 
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Table 5-22 (Continued) 

070 
1071 
1072 
1073 
1074 
1075 
1076 

1080 
1081 
1082 
1083 
1084 
1085 
1086 

1090 
1091 
1092 
1093 
1024 
1095 
1096 
1097 
1098 
1099 
1100 
1110 
1 1 1 1  
1112 
1113 
1114 
1115 

2010 
201 1 
2012 
2013 
2@14 
2015 
2016 

2 020 
2021 
2 022 
2023 
2024 
2025 
2027 
2 029 
2 030 
2031 
2041 
2043 
2044 

Manufacturing Processes for Propellant Tank Structure (Element 2) 
Advanced Manufacturing Line (Line 3) 

MASKo CHEM-MILL,  D E B U R R  & I N S P E C T  
CLEANS A N B D I Z E S  & I N S P E C T  
WELD D0ME T0 R I N G  & I N S P E C T  
WELD C N T R  $ - C A P  TO D Q M E s I N S P  
G R I N D  A L L  W E L D S  & D I E - P E N  I N S P  
X-RAY ALL WELDS 
P E R F 0 R M  L E A K  CHKI W E I G H  & S T 0 R E  

R I N G - F W D  DQME-CBMMBN BULK 
VRY MAT F 0 R  1 F W D  D0M Y RNG 
F0RM & I N S P E C T  
TRMa C L N I  AGE & I N S P E C T  
A I I ~ D I Z E D  W E I G H  & S T 0 R E  
WLD S E G I  S T R A I  GTEN R N G & I N S P  
MILL RNG FACE,  I N S P & S T B R E  

CQMM0N BULKHEAD A F T  DBME 
V E R I F Y  C0MM0N BULK A F T  D 0 M E  MATL 
S C R I B E & S A W  BLK T0 R E Q ' D  S H A P E  
S H E A R  S P I N  F 0 R M  & I N S P E C T  
CLEAN,  A N B D I Z E I  QUENCH, & I N S P E C T  
S P I N  F 0 R M  T B  S H A P E  & I N S P E C T  
C L E A N s A N N E A L s Q U E N C H 8  & I N S P E C T  
F I N A L  F 0 R M  S P I N  & I N S P E C T  
CUT&TRM S-OP ' ING o D E B U R R &  I N S P  
C L E A N s H - T R E A T ,  AGE, I N S P  & S T Q R E  
MASKr C H E M - M I L L S  D E B U R R &  I N S P  
CLEANS A N 0 D I Z E o  & I N S P E C T  
WELD DBME T O  R I N G  & I N S P E C T  
WELD C N T R  $ - C A P  T0 D B M E I I N S P  
G R I N D  A L L  WELDS, 01 E - P E N  I N S P  
X-RAY A L L  WELDS 
P E R F 0 R M  L E A K  C H K o W E I G H  & S T B R E  

R I N G - A F T  DBME CBMMBN BULK ' 
VRFY MAT F O R  l A F T  D 0 M E  Y RNG 
F 0 R M  & I N S P E C T  
T R I M ,  CLEAN,  A G E  & I N S P E C T  
ANf3DIZEo WE1 GH & S T 0 R E  
WLD S E G I  S T R A I  GHTEN R N G & I N S P  
MILL RNG F A C E S  I N S P E C T &  S T 0 R E  

30 8 
0 
01 32 
0. 14 
0 
00 23 
0.1 

0.35 
0 
0 
0 
0 
0 

0. 9 
0 
0 
0 
0 
0 
0 
0 
0 
3.2 
0 
0.32 
0.28 
0 
0.23 
0.1 

0.35 
0' 
0 
0 
0 
0 

TANK C Y L I N D E R  
VRFY M A T O L  F 0 R  7 SEG'SC220" MILL) 31 
MILL E D G E S  6.5 
MILL W A F F L E  P A T T E R N  32.5 
U L T R A S 0 N I C  I N S P E C T  13085 
M 0 V E  7 S E G S  T0 A S S Y  A R E A  0 
D R I L L  S P R E A D E R  BAR WBLES. 0 .  
H E A T  T R E A T  < A N N E A L )  0 
FBRM 7 S K I N S I C L N I A G E I  I N S P  0 
ANDZo TRMo WGHI I N  STL S P R  B A R S  0 
WELD 7 S E G M E N T S  & I N S P  1 0 8  
T R I M  CYL & WELD R I N G S  0662 
XRAY A L L  W L D S o W E I G H  & S T 0 R E  1 e 3  

90 
27 
18 
10 
60 
0 
15 

0 
14 
4 
4 
20 
25 

0 
16 
20 
24 
30 
24 
30 
8 
30 
90 
27 
18 
10 
60 
0 
15 

0 
14 
4 
4 
20 
25 

0 
28 
28 
0 
7 
14 
d 
98 
31 
80 
34 
10 

0 
36 
30 
18 
200 
0 
40 

0 
26 
14 
8 
40 
50 

0 
32 
46 
32 
60 
32 
60 
26 
54 
0 
36 
30 
18 
200 
0 
40 

0 
26 
14 
8 
40 
50 

0 
56 
56 
0 
14 
28 
14 
203 
45 
160 
66 
40 

5.'15 
08945 
10.04 
0456 
3e.9 
00.23 
00.925 

0 0  35 
00'6 
00.27 
00'18 
0d9 
1e.125 

0.9 
0.0' 72 
00.99 
0.84 
1 e.35 
00.84 
1.35 
00.51 
10.26 
40'55 
Oe.945 
10.04 
0: 7 
3;9 
0e.23 
Oe.925 

0 0  35 
0 -  6 
0.27 

00.9 
1m.125 

0018 . 

31 
7.76 
33. 76 
13085 
0.515 
Od63 , 

0:21 
4d515 
10.14 
4e.7 
26 12 
20.05 
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Table 5-22 (Continued) 
Manufacturing Processes  for Propellant Tank Structure (Element 2) 

Advanced Manufacturing Line (Line 3) 

2050 R I N G  TANK C Y L  
VRCY MAT F B R  
FBRM 8 S E G  & 

2 053 T R I M ,  AGES I N S P E C T  
2054 A N B D I Z E  WEIGH dr S T B R E  
2055 WLD S E G J S T R T N  2 R N G S 6 I N S P  
2056 MILL RNG F A C E a I N S P o  WE1 GH 
2057 M 0 V E  2 R I N G S  TB ASSEM. AREA 

2060 FBREWARD DBME 
20611 V E R I F Y  M A T ' L  FPlR FWD DPlME 
2062 S C R I B E L S A W - B L K  T0 R E O  'D S H A P E  
2063 S H E A R  S P I N  F 0 R M  & I N S P E C T  
2064 CLEAN,  ANNEAL, QUENCHo & I N S P E C T  
2065 S P I N  FQRM T B  S H A P E  & I N S P E C T  
2066 C L E A N ,  ANNEAL, QUEMCHJ & I N S P E C T  

2068 CUT&TRM S-BP 'NG.  D E B U R & I N S P e  

2070 MASK, C H E M - M I L L o  DEBURRI & I N S P e  
2071 C L E A N > A N B D I Z E I  & I N S P .  
2072 WEIGH dr S T B R E  
2073 WELD J A M B  & I N S P E C T  
2074 WELD STUDS.  F I T T I N G S ,  dr I N S P .  
2075 G R I N D  A L L  W U D S J D I E - P E N  I N S P .  
2076 P E R F 0 R M  L E A K  CHECK 
2077 X-RAY A L L  W E L D S  & W E I G H  
2078 L ~ A D J M P I V E  D 0 M E  70 A S S Y  A R E A  

. 2067 F I N A L  FBRM S P I N  & I N S P E C T  

2069 CLEAN.W-TREATJAGEJ I N S P  & S T 0 R E  

L A B B R  C B S T  C K t )  

O e  7' 0 
0 '  28 
0 8 
0 8 
0 40 
0 45 
0 5 

1.3 0 
0 '  16 
0 20 
0 24 
0 30 
0 24 
0 30 
0 8 
0 30 
7.8 90 
0 '  18 
0 5 
0.25 10 
0.11 IO 
0 '  60 
0.1 10 
Oe.15 50 
0 '  6 

130.9 3462 
C 51093 ) 

--'.e--- ---_-- 

0 0 0  7 
52 . 1m-2 
28 O d 5 4  
16 O i 3 6  
80 1 e-8 
90 2m.025 

oi225 10 .. 

0 1.3 
32 Oi72 
46 0.99 
32 0.84 
60 1 ;35 
32 Oi84 
60 1 i 3 5  
26 0;51 
54 1 i 2 6  
0 9;15 
27 0i675 
9 0.21 
15 0.625 
15 0.485 
200 309 
30 Ow.7 
3 0.945 
12 0627 

'6188 2g 4 6 5 
c 101.82 ) . 

.-io-.. ------..--e 
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5.4.1.3 

The tooling list, Table 5-23, incorporates the spinning mill for spinning domes on 

both the 2- and 20-per-year production rate lines and deletes the modified vertical 
boring mill metal spinning tools, 

to handle the larger plates of the four. segment tank cylinder section. 

In addition, a larger bed skin mill is incorporated 

5.4 1 ~ 4 Facilities 

Manufacturing and Assembly Plants for the advanced manufacturing line are assumed 

to be the same as for the improved line (Line 2). 

5.4.1.5 

This is the same as for Line 2. 

5.4.1.6 Near-Term Pre-Manufacturing Operation 

This is the same as for Line 2. 

5.4.1.7 Summary 

The cost elements for production rates of 2 and 20 tanks per year discussed in para- 

graph 5.4.1 are summarized utilizing MANCAN program and are shown in Tables 

5-24 and 5-25, 

5-4-2 SUPPORT FRUSTUM STRUCTURE (ELEMENT 1) 

5.4.2.1 General 

Changes in manufacturing methods tend to take place slowly except when there are  

unusual pressures. However, the progress in many technologies centering about the 

computer has set the stage for a step-wise improvement in manufacturing. The intro- 

duction of the numerically controlled machining centers is a case in point. 
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5-4.2-2 

Eliminating the need for much conventional equipment and tooling, the advanced manu- ' 

facturing Line 3 will implement a numerically controlled machining center ,' This will 
permit the replacement of skins and rings with a single forging and thereby eliminate 
the joining operation. The spot-welding of longerons is retained as a compromise with 

design in order to save raw material and to reduce madining time, However, the 
machining of integral longitudinal stiffeners is considered within the range of accom- 

plishment for Line 3 e 

Within the decade allowed for the development of Line 3 concepts, there should be sig- 

nificant improvements in plastics technology. Reflecting this, the honeycomb bulk- 

head will be planned with ambient-temperature cured adhesive systems. This will 

eliminate the space furnaces or autoclaves necessary for heat curing and also will 

simplify tooling 

5 .4  e 2 . 3  Cost Considerations 

Although the numerically controlled machining center will be much more expensive 

than the machines it replaces, it is capable of a greater work output with fewer and 

simpler work-holding fixtures required. The single machine also will save floor space 
and eliminate material handling and scheduling problems. 

5 . 4 , 2 . 4  

The summary of costs and tooling requirements for operation of Line 3 is given in 

Tables 5-26 A d  5-27. 
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Table 5-26 

Manufacturing Cost Analysis, 2 Per Year ,  Line 3, Element 1 

LINE: ADVANCED RMU?hCTURlUG L I M E  ( L I M E  31 

STRUCTURE: SUPPBRT FRUSTUN STRUCTURE (ELEMENT 11 

PRBOUCTlON RATE3 . 2  PER YEAR 

VARlRTlBN FRBM THE NBMINAL: NBNE 

T0TAL PRBGRAM LENGTH: 5 YEbRS 

TBULISO 
l i i i i _ i i  

50 LWNWUL MASIER FIXTURE 
ffi tJAS1EH D R I L L  FIXTURE 

112 
120 
122 
130 
I40 
150 
160 
I62 
176 

I Y G  
200 

in(, 

70 D R I L L  FIXTURES 

90 BULKHEAD ASSENBLY FIXTURES 
100 CHEN CLEAdlNG TANKS 
110 SPBT WELDER 

ab I ~ S E ~ ~ I  LBCATING FIXTURES 

n~~~ e ~ i c r l i a ~ ~  
TESTING MACHINE 
l C S 1  F I X l U n E  
lrELD ASSEhBLY FIXTURE 
I ~ R O U E  TWLS 6 WRENCH SET 
INSFECTIQN STATION 
l f i 0 N  WORKER CSUFFALB) 
NOTCH 6 SHEAR D I E  
DEGREASER 
bdIC B d R l N G  M I L L  
H B L U I L B  FIXTUHE 
CUTTING TdBLS 

210 I N S P L C T I ~ I U  STATIUN 
e12 I n S P E C T I B h  INSTRUMENTS 
2,0 CLEAd 6 ALBDINE T A W S  
830 i l l G H  SCALE 

T @ l A L  TDDLlNG COST cKS1 

5 2 10 
5 
5 
2 
3 
15 
20 
0.075 
24 
0.075 
I 
0.15 
0.5 
6 
0.3 
2.5  
250 
1.4 
0. I 
3 

15 
0 . 5  

0 . 5  

10 
10 

- 4  
6 
15 
20 
0.075 
24 
0.075 
1 
0.15 
0.5 
6 
0.3 
2 .5  
250 
2.8 
0.1 
3 
0.5 
15 
0.5 

381.5 

F'ACIL IT IES 
i s I x i l i i i s  

TBTAL C I S T  
CKSI 

500 CBNSaLIOATEti AANUIACTUklNB 6 ASSkMBLY P L W T  624 

VEAR-TERM PRE-MANUFACTURING 0PERATla8.5 
~ 5 i 3 i l i l i i i l i i = i l . = = E I I S I D l i i i - . i i . i i .  

YBN-RECURRING COSTS _________________-_  
ITEM MIHRS TJTAL COST 

ck01 
S O 0  REVIEU PRBGRAM DIRECTIVES 100. 10.5 
R 10 *FG. PRELLIMINARY SCHEDULES 420. 6.3 
R Z O  PI3BOUCIBILITY STUDIES 100. 10.5 
q W l  IOF:JTIFYI0RDEI? LBNG L E A 0  ITEMS 500. 1.5 
R 40 ACCUMULATEIREVI EU ENGR L QC OaCUMENT- 1120. 16.8 
x 5 0  OEVEL'3P SUB-ASSEMBLY L PARTS SCHEDULE sea. 1.9Q 
860 MFG. PLAYVIYG BPERATIBNS 3200. .ta 
510 O E S I W I P R I C U R E  TBBLlNG 1400. Q l  
REO VWDSR E V A L U A T I B  L SELECTILW 1120. 16.8 ___-___- ---------- 

NI.+RLCURRING TOTALS 9688 145.32 

RECURRING CBSTS ______-_---_--- 
900 EXPEDITE IN-HBUSEIPURCHASE PARTS 
910 I3EVIEW PRBGRESS WITH PRBGRAM UFFICE 

RLCURRING TOTALS 3300 $9.5 

TBTAL RECURRI.IG AN0 NBN-RECURRING PRE-MFG. CBSTS. 194.88 

1000 FRUSTUM ASSEMBLY 
1002 VERIFY MAT'L.CLEAN.BAG F A H l S  0.1 5 4G 11. 77, 
1004 hAKE SPBT YELD SPEC..INSP 0.1 36 1G O.-l  
1006 LOA0 PARTS I N  FIXTURE,CELD,INEP 0 30 6G 1.3, 
1008 BBLT ASSEHBLE BULfiHEAD x 6 80 4b.J 
1009 CLEANatOENIIFY.INSPECT 0 20 20 0.6 

1010 LUNGEHBN 
1012 VERIFY MATERIAL 
1014 NOTCH. SHEAR 
1016 DEBURRsCLEAN, ALDDlNE 
1017 IDENTIFY 1 INSPECT 

1020 SHELL 
1022 VERIFY MATERIAL 
1024 RBUGH FACE, TURNsBaHE 
1026 AGE, INSFECT 
1028 ROUGH FACE. TURN, B6RE 
1030 AGE. INSPECT 
1032 
1034 
1036 

0.16 16 0 6. ' 

4 - 5  30 U 4.9, 
0 0 60 0.9 

G.073 0 5 0  
0 0 60 0.9 
0 5 0  0 . 0 7 2  

F l h r l S H  FACE, TURNsBQRE 0 0 IC0 1.5 
DEBURR.CLEAN~ALBD1NE 0.25 0 40 0 . 8 5  

G 20 10 0.45 WEIGH, IDENI IFY,  INSPECT 

5 5 . 1 1  177 468 61-78> 
_ _ _ _ _ _ _  _-_--- _ _ _ _ _ _  - -___-___ 

LABBR CBST C K J I  < 2.655 ) C 7.Wd I 

MAT'L U.C. MFG. PRE-MFG. TOTAL 
C0ST L A W R  LABldR LABBR CBST 
CKSI C M I H R I  CMIHRI C M / H R >  ( K O 1  

381.5 TOQLIAG 
F A C l L I T I E S  620 
PRE-MANUFACTURING 

NBN-RECURRING CBST 9 608 145.32 

461,  64.185 55.11 117 

55.11 117 468 12988 1261.1 

RECURRING C l S T  3300 49.5 

---__---- --_-_---_ -_--____- ----------_ --_---_-- MFG- PROCESSES 

LABOR I N  CKS) ( 2.655 I < 7-08 I 
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Table 5-27 

Manufacturing Cost Analysis, 20 Per Year, Line 3, Element 1 

MANUFACTURING CBST ANALYSIS 
* * o e * e ~ e e ~ * * e * ~ * ~ * * ~ . ~ ~ * * * *  

09/25/10 

LINE:  ADVANCED MANUFACTURING L I N E  ( L I N E  3) 

STNUCIUHEI SUPPBRT FRUSTUM STRUCTURE (ELEMENT I )  

PHL)DUCTIBN RATE1 20 PER YEAR 

W d l A T I B N  FRBM THE N B N I N A L I  NBNE 

l B T A L  PRBGRAM LENGTH: 5 VEARS 

U B B R  R A T E S - l S I H R > I  PRE-HFG.- 15. I 8.C.- 15. I MFG.- 15, 

U N I T  NB. TOTAL 
l 0 d L l N L j  CBST UNITS COST 
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5.5 MANUFACTURING LINE DIFFERENCES 

The manufacturing line and facility differences starting with the state-of-the-art man- 

ufacturing Line (Line l), progressing to the Improved Manufacturing Line (Line 2) and 

ending with the Advanced Manufacturing Line (Line 3) are  shown for the 2- and 20-per 
year production rates for each of the structural elements in Tables 5-28 and 5-29. 

Alternate differences for consideration as the study progresses include, for structural 

Element 2$ the cost, quality, buy-off, and feasibility of rolling the entire cylinder 

section from an aluminum billet and the use of a diffusion bonded structure to replace 

the bonded honeycomb in the common bulkhead. 

Differences between one manufacturing line and another may not necessarily reduce 

cost but may indicate a worthwhile trade-off of overall cost versus quality. For ex- 
ample, changing the manufacturing process of the fuel tank domes from welded seg- 

ments to a total dome which is made by a shear spinning process from a single piece 

of metal may not result in a cost reduction; however, quality is certainly improved by 

the elimination of 150 feet of welds that must be ground smooth, X-rayed, dye pene- 

trant inspected, and pressure tested for leakage. These requirements alone indicate 
the impact on quality by the elimination of welding. 
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SECTION 6 

INTERACTION ANA LYSIS 

6 1 INTRODUCTION 

The previous chapters have presented the approach, results and details of the study 

calculations. It is evident from these results that the factors influencing manufacturing 

cost are  numerous and varied; some of the more important factors are illustrated in 

Figure 6-1. These factors were varied using the methods described in earlier sections 

and the impact on cost results analyzed. 

time and for several variables simultaneously are  presented in Section 3. 
Results for variation of factors one a t  a 

The results with multiple factor variation can be categorized into two classifications: 

a. Independent (or uncorrelated) factors. 

b. Dependent (correlated) factors a 

In the first case where manufacturing factors are independent, the MANCAN computer 

program was used for simple analysis with multiple factors. Those factors shown in 

Table 3-14 were initially assumed to be generally in this category, e. g. the factor 4, 
producibility file,is assumed independent of factor 7 for shop scheduling. The inter- 
actions which do exist between these factors are  qualitative in nature and are  discussed 

in Paragraph 6.4 

For purposes of this interaction analysis, the selected factors numbers 4, 5 ,  and 8 

which had the greatest impact on cost as illustrated in Figure 3-7, were grouped under 

one category, Factors. These together with seven of the other most significant parame- 
ters  were selected for a quantitative interaction study: 

Parameter 

1. Structural Element Type 

2, Manufacturing Line Number 

3 Manufacturing Rate 

4. Quantity 

5 

(Number 1 or  Number 2) 

(Number 1 or Number 3) 

(2 per Year or  20 per Year) 

(10 or 100) 

(0 or  3 percent, 6 percent) 
Inclusion of Tax and Interest 

E 

N 

A 

Q 

T 
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Parameters 

6. Type of Depreciation 

7. Learning Curve 

8. Factors 

(100 percent o r  straight line) 

(100 percent or  80 percent) 

(0 or number 4 ,  number 5, 
number 8)  

D 

L 

F 

A s  discussed in the Results, Section 3,  the indicated excursions in these eight parame- 
ters have the most significant impact on manufacturing costs e These parameters are 
decidedly interrelated and formed the basis of the quantitative interactions study, This 

study and results are discussed in the following section. 

6.2 

6.2.1 METHODS 

Several methods were considered for associating quantitative values with the inter - 
actions between the major variables. These methods include: 

a. 
b ~ 

Parametric Study-varying parameters singly and in combinations. 

Multiple Regression-fitting a least-squares surface through the results 
and examining the covariance coefficients. 

Factorial Design (two-level Z8 design) where all combinations of two 
versions of each of 8 variables were  studied simultaneously. 

c a 

By far, the most productive yet conventional approach was the parametric study. Re- 

sults from this type of investigation a re  presented thoroughly in Section 3 and Appen- 

dix B. The two disadvantages are:  (a) the high cost for obtaining the necessary data 

points (numbered in the tens of thousands), and (b) the difficulty in presenting inter- 
action results. With the limitations of graph paper and matrices, one is hard-pressed 

to present or  absorb results of the simultaneous variation of more than three o r  four 

variables a 

6.2.2 MULTIPLE REGRESSION 

Multiple regression techniques were applied using an available computer program 

(MRFG)(I3) from the General Electric timesharing library. Initial runs were used to 

fit the following model to a series of available observations: 
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where: 

a. Xj (j 
as depreciation, taxes and interest percent, inclusion of factors, learn- 

ing curve slope and manufacturing rate 

Y is the cost per unit in K$ e 

The bar superscript indicates the mean values of each variable. 

= 1 e * .  p) were selected values of the independent variables such 

b. 

c.  

The multiple correlation coefficient pm was determined where 0 < pm 5 1. Least 

squares estimates of coefficients @? . . e pp) were determined as well as the constant 
1 

term, bo, where 
n 

Additional statistical parameters, including the variance-covariance matrix were com- 

puted to determine the impact of interrelationships of variables e 

The initial runs, which used variables assumed to be directly (and linearly) correlated 
to cost, were generally inappropriate. A s  is evident from inspection of typical re- 
sults in Appendix B, the costs do not vary linearly with the various parameters ~ 

Several transformations of variables were  considered, but these did not improve re- 
sults greatly, although the multiple correlation coefficient did improve from 0.628 to 

0.891 in the best case. In this (best) case for element number 2,  line number 1, 

20 per year rate, the following transforms were used, 

XI = lOO/quantity produced 

= l/program length in years 
x2 

The equation relating other variables was a s  follows: 

K$ Cost per unit = 18,800 6,) + 96849 (222)' + 7.68 (Learning 

Curve) - 980 (Tax Number) - 8685. 

In this case, the learning curve value was either 1,O or 0 e 8, and the tax and interest 

number was 2 for 3 percent and 6 percent, and 1 for 0 taxes and interest. 
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The results however were of little value in determining the interactions between vari- 
ables. Including a greater number of variables in the analyses only served to reduce 
the multiple correlation coefficients. Attention was then focused on a more comprehensive 

factorial design analysis described below 

6 . 2 . 3  FACTORIAL DESIGN DATA 

Factorial design analysis, as described in References 14 and 15 examines all first- 

order combinations of selected experimental factors, For simultaneous study of two 

values of each factor, the number of data points required is 2 

of factors studied, in this case 8. To minimize the number of required computer 

runs, equations were developed which provided a reasonabley good f i t  through the 

data by approximating the detailed calculations performed by the computer, by, 

K where K is the number 

n 
c =  ti di li fi Gi + R 

i =  1 

where 

C is the cost for a particular set of conditions e. g. , structural element , rate 
and quantity 
t is a coefficient for inclusion of taxes and interest 

0 
1 

for nominal case (no taxes or  interest) 
for inclusion of 3 percent taxes and 6 percent interest 

d 

and is { 
is a coefficient for variation of depreciation method 

1 for 100 percent writeoff 
assigned value < 1 for straight line 

8 is a coefficient for inclusion of learning curve 
1 for learning curve of 100 percent 
assigned value < 1 for 80 percent learning curve 

f is a coefficient for inclusion of factors 
1 for no factors 
assigned value < 1 when factors are included 

G is the cost for a subgroup of costs which comprise the total cost, C 

R is the remainder 

n = total numbers of subgroups 

For example, for element number 2, line number 1, 20 per year and a 5 year program, 
the values shown in Table 6-1 are  applicable. 

6 -6 



Table 6-1 

Cost Equation Factors 

The values in column Gi for this example are the same as the second column of 

Table 3-6 .  

determined by inclusion of the factors in the equation. 

The selection of the two values for the coefficients ti, di, ai, and fi is 

Tables similar to 6-1 were constructed for the other cases,  equivalent to Tables 3-3 

through 3-6. A small time-sharing computer program was developed to rapidly com- 

pute the needed values listed in Table 6-2 for use in the factorial design analysis. 

Checking of these results against known results indicated that this equation approxi- 

mated the actual results within a few percent. 

6 , 2 . 4  FACTORIAL DESIGN ANALYSIS 

In a 2 

analyzed for all combinations of two versions of each of the K variables. If the vari- 

able is continuous, the two versions are the high and low level of that variable. If the 

variable is qualitative, as in the case of the majority of the factors studied here, the 

two versions correspond to two types or the presence o r  absence of the variable. 

K factorial design, that is a two-level factorial design in K variables, data is 
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Table 6-2 

Data for (2) Factorial Design 7 

K$ Cost/ 
Unit 

176105. 
t 3432 27 
769.99 
541 9 454 
769 * 49 
541 0 4s 
2341.508 
181203 
23Q15e8 
1.8 1 2. a 
1402. 12 
1.882*51 
1982.12 
1.882 S 1 
171302 
1308039 
1.71 3.2 
1388~. 59 
824. 33 
591.30 
824.33 
593.389 

% Relative 
to Line #1,  ear 

30.0864 

~ ~ 0 7 ~ ~ ~  
61 039 ~ 

97.4738 
9404529 
970 4738 
74.4529 
46.9889 
3306475 
46*9@89 
33e.6433 i 
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Table 6-2 
7 Data for (2) Factorial Design (Cont. ) 

a 
1, 
.!. 
1 
1. 
$. 
1. 
P 

l. 
% .  
2 z 
2 
2 
2 
2 

K$ Cost/ 
Unit 

% Relative 
to Line #1, 

2 / ~ e a r  

*Values used in example in Figure 6-2 and Table 6-5. 
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Table 6-2 

7 Data for (2) Factorial Design (Cont.) 
% Relative 
to Line #1, 

2 / ~ e a r  

2&. 1669 
I.Se8963 
1-8 0 ’52 18 
13.351 
L5.5939 
1BL. 6194 
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For the eight variables under discussion the levels shown in Table 6-3 were arbitrarily 

selected, which correspond to -1 and +1 values respectively, 

Table 6-3 
Selected Two-Level Values for Variables 

anufacturing Line Number 

anufacturing Rate 

es and Interest 

E 

N 
A 

Q 
T 

D 

L 

F 

#2 

#1 
2/Year 

5 Years Productioi 
0 

100% 

100% 

None 

#1 
#3 

20/Year 

396, 6% 

- 

Straight LLlie 

8 0% 
#4, 5, 8 

The data grouping for analysis is arranged to accommodate systematic analysis of re- 
sults. For example ) grouping of the eight runs comprising a Z3 factorial are illustrated 

in Table 6-4 for three variables, F, L and D. 

Table 6-4 

Notations for a z3 Factorial Design 

Variables 

1 

F 

L 

FL 
D 

F D  

LD 

FLD 

Notation 

F L D 
-1 -1 -1 

+1 -1 -1 

-1 +1 -1 
+1 +1 -1 

-1 -1 +1 

+I -1 +1 

-1 +1 +1 
+1 +1 +1 
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Continuing this illustration, a Z3 example is selected for element number 2,  line num- 
ber 1, 20 per year from the middle of Table 6-2 (noted by asterisks) and illustrated in 

a cube in Figure 6-2. The eight corners correspond to the notations in Table 6-4;the 

values at each corner are the percent cost. Varying the depreciation (D) from 100 per- 
cent to straight line shows an average decrease from the values on the back face of the 
cube of (47 + 32 + 39 + 28 = 146) to the front face of (33 + 21 + 25 + 17 = 96) o r  an aver- 

age change of -50/4 o r  -12.5. In the same manner, the change in learning (L) com- 

pares the left face (47 + 33 + 32 + 21 = 133) with the right (39 + 28 + 25 + 17 = 109) or  
an average change of -24/4 = -6. Average impact of inclusion of factors (F) is seen 
by comparing the lower surface (47 + 33 + 39 + 25 = 144) with the upper surface of the 

cube (32 + 21 + 28 + 17 = 98) or an average of -46/4 or -11.5. 

In the same manner the interactions (combined impact of two and three variables simul- 

taneously) are determined by the comparison of the values at the plane intersections 

for the combined variables. Results for this case are  tabulated in Table 6-5, and can 
be expressed in the following equation, with coefficients halved for use with the selected 

coordinate system. 

Percent Cost/Unit = - 5.75 (F) - 3 (L) + 1 FL - 6.25 D 

+ 0.75 FD + 30.25 

where the values of F,  L, and D have a value of either -1 or + 1 as  illustrated in 

Table 6-3. The constant value 30.25 is the numerical average of all points. 

Table 6-5 

Results for the Example in Figure 6-2 
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Constant Conditions 

Element && Rate Taxes & Interest 

2 1 20 20 No 

-y,+,+' 
Cost/Unit in % 

- ;y ,+  32 28 

9 
-,+?- 

+ 
Straight 

25 
,,+,- 

Factors 

None 

Line 

100% 80% 

Diagrammatic Representation of Calculated Costs Per Unit in % 

For all Combinations of Two Versions of Each of Three Variables 

(Depreciation, Learning Curve and Factors). 

Z 

X 

Figure 6-2. The Z 3  Factorial Design Array 
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Interpretation of the absolute value of the coefficients shows the average impact of the 
variables on cost. In this example the primary impact comes from D, F,  and L in 
that order followed by the interactions F L  and FD which a re  less important. 

7 
Analyses of the 2 factorial design data in Table 6-2 yields the results in Table 6-6. 

In this example the differences between structural elements a re  normalized by re-  

ferring all percentages to line number 1,  2 per year production rate, without taxes 

and interest. The production is for 5 years, e.g.  , 10 units for 2 per year and 100 

units for 20 per year. 

The equation, includingonly the coefficients larger than 0.5 from Table 6-6 (halvedfor the 

coordinate system) and rounding off the decimals, is as follows: 

Percent Cost = - 7 . 2  (F) - 1 . 1  (L) - 15.1  (D) + 1 . 7  (FD) - 9 . 4  (T) 
+ 0.9  (FT) + 1 . 5  (N) - 1 .4  (E) + 2 (NE) - 1 . 3  (DNE) 
- 0 . 9  (TNE) - 31.2  (A) + 3 . 7  (FA) - 1 . 1  (LA) 
+ 10.7 (DA) - 1 (FDA) + 6 . 7  (TA) - 2 . 3  (NA) 
+ 0 . . 6  (TNA) - 4 . 3  (EA) + 0.7  (FEA) + 1 .6  (DEA) 
+ 0.8 (TEA) - 1 .6  (NEA) + 0 . 6  (DNEA) + 50. 

The largest impact on manufacturing cost is found in the single parameters, 

Manufacturing Rate (A) -31.2 

Depreciation (D) -15.1 

- 9 . 4  

- 7 . 2  

Taxes and Interest (T) 

Factors 4 + 5 9 8 (F) 

The parameter interactions of greatest significance are  the following combinations, 

+lo .  7 

+ 6 . 7  

- 4 . 3  

+ 3 . 7  

Depreciation and Rate (DA) 

Taxes and Rate (TA) 

Element and Rate (EA) 

Factors and Rate (FA) 

and combinations of less importance , 
FD, FT,  NE, DNE, TNE, LA, FDA, NA, TNA, FEA, 

DEA, TEA, NEA, and DNEA. 

A significant factor in the above analyses was the introduction of two values of rate (A). 

Since this introduces a significant change in line tooling and processess it is signifi- 

cant to look a t  the impact of the other variables without this overshadowing effect. 

An example of a 26 design for 20 per year only is shown in Table 6-7. 
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Table 6-6 

Results of (2) Factorial Design Analysis 
7 

Variables 

- 

T. 
Ft 
LT . 
n T  
ar . 
FRT 
LOT. 
FLDT 
&I 
rN 
LU 
PLN 
DN 
F W  
tw  
I?LM 
TQ 
FTN 
L?W 
mm 
D'M ?Dm 
LDTN 
FLbrn 
E._ 

Measurement Value 

. e  I 

5% 
17 
$9 
Le 
rt6 
l.00 
26 
43 
38 
43 
30 * 

l.33 
103 
.I31 
103 
88 
62 
88 
62 
t a  
74 
22 
74 
43 
34 
42 
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Table 6-6 

Results of (27  Factorial Design Analysis (Cont. ) 

Measurement Value 

124 
-15Z 
1 E4 
98 
78 
ea 
28- 
115 
8% 
Lt5 
88 
59 
36 
SB 
36 
47 
3 t  
39 

. 28 
33 
2L 
85 
17 
313 
2.6 
31 
21 
.t s 
.I 
f 
le 
4 
2 
39 

6-16 



Results of (2) 

Table 6-6 

7 Factorial De sign Analysis (Cont . ) 

Coefficient Variables 

FEA 
LEA. 
FLEA 
QEA 
POEA 
LDEA 
alLDEA 
TEA 
PTEA 
LTIW 
FLTEA 
@TEA 
FDTEA 
LDTEA 
FLDTEA 
MEA 
PNEA 
LNEA 
FLNEA 
M E A  
FDNEA 
LDNEA 
I?Loruea 
mGcI 
~~~~ 

LmEA 

Measurement Value 

9 e  PA 
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Table 6-7 

Elements 1 and 2-20 per Year Values as Percent of Nominal 

Variables 

P 
L 
FL 
D 
FD 
LD 
FLD 
T .  
FT 
L T  
FLT 
DT 
FDT 
LDT 
FL DT 
N 
FN 
LN 
FLN 
DN 
FDN 
LDN 
FLDN 
TN 
FTN 
L TN 
FL TN 
D TN 
FDTN 
LDTN 
FLDTN 
E 
FE 
LE 
FLE 

Measurement Value 

8 5  
I @  
13 
8 5  
55 
66 
44 
8 00 
68 
81 
56 
64 
39 
45 

la5 
7 2  
88 
62 
7s 
49 
59 
39 
86 
58 
70 
48 
57 
35 
41 
25 
I%5 
78 
90 
62 

027 
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Table 6-7 

Elements 1 and 2-20 per Year Values as Percent of Nominal (Cont.) 

Coefficient 

0 
0.875 

a0.125 
-8.8625 

91.43625 
P)e0625 
0 ~- 

-410125 
2.6875 
0.5625 
@ e 8 7 9  

430125 
-3 - 
0.125 
0.8525 
0.0625 

-2aol625 
8.187s 
0 .  
0.125 
0 
0 

-9.8625 
0.0625 
65.28 12 

Variables 

E 
PDE 
LDE 
FLDE 
TE 
FTE 
LTE 
FLTE 
DTE 
FDTE 
LBTE 
FLDTE 
NE 
FN E 
LNE 
FLNE 
DNE 
FDNE 
LDNE 
FLDNE 
TNE 
FTNE 
LTNE 
FLTNE 
DTNE 
FDTNE 
LDTNE 
FLDTNE 

CONSTANT 

Measurement Value 

4QI 
I @  
66 
75 
5B 
93 
46 
48 
28 
111 
80 
9 3  
48 
78 
53 
60 
41 
90 
63 
72 
52 
S8 
37 
39 
25 
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Here the impact of learning curve (L) is more pronounced, both as single and multi- 

ple variable interactions. The impact of the factors (F) is more pronounced and dif- 

ferences between the two elements are  less noticeable at the single (20 per year) rate. 

6 . 3  

The foregoing results as summarized from Table 6-6 on Figure 6-3 illustrate the 

strong impact of the single variables, such as depreciation, rate, taxes and interest, 

selected factors, and learning. Interactions of combined variables on results are less 

pronounced, though still quite significant, particularly those coupled with influence of 

changing manufacturing rate. 

The interactions between the larger number of factors impacting manufacturing costs 
a re  discussed qualitatively in the next section. 

6 . 4  

A s  shown in Figure 6-4, the major factors that control manufacturing cost a re  depen- 
dent upon each other and a change in one may start a chain reaction and impact several 

other factors to some degree. 

A cost saving measure taken in one area may significantly increase cost in other areas 

resulting in an overall increase in manufacturing cost. For example, moving the 

manufacturing operation to a low tax location generally brings with it low cost facilities. 

However, these conditions might also necessitate moving key personnel into the area 

and implementing extensive training programs for utilization of the inexperienced 

available labor force. Learning on the job is costly; concurrent manufacturing 

e r ro r s  result in increased component rework or scrap and material waste, Frequently 

under these conditions, lost time attributed to increased personnel injuries will 

multiply. 

It is evident that each manufacturing or  related factor change must be evaluated to 

determine total interaction impact upon overall cost, However, it is a considerable 

task to quantitatively evaluate the many changes in factors and their overall interactions ~ 

A step in this direction is the matrix shown in Figure 3-7 which is applicable to the 

overall manufacturing and related system. This matrix is useful as a qualitative 

evaluation summary through the identification of factors interactions . 
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The key manufacturing parameters (which are  major grouping of the factors shown in 

Figure 6-4) a re  shown in Figure 6-5 down the left side as well as across the bottom of 

this illustration, The factors which have a major influence of the key parameters, 

one-on-another, a re  shown in the field of Figure 6-5. 

An example of the use of Figure 6-5 is seen in the dependence of both design and 

product identification factors upon manufacturing test and change control. A second 

example is seen in the dependence of program and quality control factors upon budget, 

schedule, and production rate. The principal impact of program control factors on 

quality will be influenced by available budget, schedules and planned production rate e 

Other qualitative interaction factors relating to key manufacturing parameters can be 

seen in Figure 6-5. 
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APPENDIX A 

INT RQDUC TION 

4RK 11 Genera The WANCAN" Program is written in BASIC language for the 1 Elec- 
tric timesharing computer system. Techniques for use and explanation of language of 
this program are described in the following manuals copies of which are available 

through the General Electric Timesharing Service Offices. 
._ 

Manual 711223D--"MARK I1 Command System", Reference Manual published by 

General Electric Company, Information Services Department, revised May 1970 

Manual 711224A--"'MARK I1 BASIC Language", Reference Manual published by 

General Electric Company, Information Services Department dated March 1970 e 

The program is written to be user-interactive. The user can access and run the pro- 
gram with only a knowledge (as described in Section 3 of this report) of terminal 

operations. 

The following pages provide a listing of the "MANCAN" Program. 
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APPENDIX B 

LISTING O F  COMPUTER OUTPUTS (BY RUN NUMBER) USED IN DETERMINING 

THE IMPACT OF CHANGES T O  FACTORS ON MANUFACTURING COST 



APPENDIX B 

IN TRODU C TI ON 

This Appendix provides a detailed tabulation of the results of the significant computer 

runs from this study. References to changes in the manufacturing processes are  made 

by number and refer to those changes tabulated in Figure B-1. Cost groups a re  noted 

in Figure B-2, 
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7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

Relaxed Tolerances by 100% 

Reduce Number of Design Changes by 20% 

Enlarge Producibility Information File by 50% 

Issue Joint Engine ering/Manufac tur ing Quality 
Control Specifications 
Improve Shop Schedule and Load-l5% Less 
Changes 

Reduce Quality Required by 20% 

Decrease Pre-Manufacturing Labor Recycle 
From 40 to 12% 

Reduce Design Complexity by 20% 

Con solidate Facili tie s -One Factory 

Manned to Unmanned 

Increase Product Size and Weight 20% 

Train 50% of Work Force 

Security-Nonc lassified to Classified 

Site Selection-Labor Cost Florida to Ohio 

Delete Plant Safety 

Depreciation-Straight-Line 
F-1 to r r O f f  in 40 Years 
F-2 to r f O f v  in 14 Years 
T-1 f T-2 to r f O f f  at End of Program 

F-1 to r r O f f  in 40 Years 
F-2 to f v O f f  in 14 Years 
T-1 + T-2 to "Ovr at End of Program 

Increase Shop Load 10% for Discrepancy 
Corrections 

Depreciation-Sum of Digits 

Figure B-1. Change Identification 
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C 
TiziiEF 

1 

2 
3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

3 t  Group 
De signation 

M 1  

M 2  

I 1  

I 2  

I 3  
s 1  
s 2  

s 3  

T 1  

T 2  

A 1  

D 1  

D 2  

F 1  

F 2  

P 1  

L 1  

Cost Group 
Title 

Raw Mate rial 
In-Process Material 

Inspect-Form, Dimension 

Inspect -Weld, Bond 

Inspect-Assemble , Other 

Machining 

Forming 

Joining 
Tooling, Material Handling 

Jigs and Fixtures 

Tes t-Ac cept 

Storage 

Transport 

Facilities -Buildings 

Furnaces and Machine Tools 

Processing-Chem Mill ,  Anneal, 
Cure 

Pre -Manufacturing Labor 

Figure B-2. Cost Group Identification 
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